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Trends in Streamflow Characteristics at Long-Term

Gaging Stations, Hawaii

By Delwyn S. Oki 

Abstract 
The surface-water resources of Hawaii have signifi-

cant cultural, aesthetic, ecologic, and economic importance. 
Proper management of the surface-water resources of the 
State requires an understanding of the long- and short-term 
variability in streamflow characteristics that may occur. The 
U.S. Geological Survey maintains a network of stream-gaging 
stations in Hawaii, including a number of stations with long-
term streamflow records that can be used to evaluate long-term 
trends and short-term variability in flow characteristics. 

The overall objective of this study is to obtain a better 
understanding of long-term trends and variations in stream-
flow on the islands of Hawaii, Maui, Molokai, Oahu, and 
Kauai, where long-term stream-gaging stations exist. This 
study includes (1) an analysis of long-term trends in flows 
(both total flow and estimated base flow) at 16 stream-gaging 
stations, (2) a description of patterns in trends within the State, 
and (3) discussion of possible regional factors (including rain-
fall) that are related to the observed trends and variations. 

Results of this study indicate the following: 
1. 	 From 1913 to 2002 base flows generally decreased in 

streams for which data are available, and this trend is 
consistent with the long-term downward trend in annual 
rainfall over much of the State during that period. 

2. 	 Monthly mean base flows generally were above the long-
term average from 1913 to the early 1940s and below 
average after the early 1940s to 2002, and this pattern 
is consistent with the detected downward trends in base 
flows from 1913 to 2002. 

3. 	 Long-term downward trends in base flows of streams 
may indicate a reduction in ground-water discharge to 
streams caused by a long-term decrease in ground-water 
storage and recharge. 

4. 	 From 1973 to 2002, trends in streamflow were spatially 
variable (up in some streams and down in others) and, 
with a few exceptions, generally were not statistically 
significant. 

5. 	 Short-term variability in streamflow is related to the sea-
sons and to the EL Niño-Southern Oscillation phenom-
enon that may be partly modulated by the phase of the 
Pacific Decadal Oscillation. 

6. 	 At almost all of the long-term stream-gaging stations 
considered in this study, average total flow (and to a 
lesser extent average base flow) during the winter months 
of January to March tended to be low following El Niño 

periods and high following La Niña periods, and this 
tendency was accentuated during positive phases of the 
Pacific Decadal Oscillation. 

7. 	 The El Niño-Southern Oscillation phenomenon occurs at 
a relatively short time scale (a few to several years) and 
appears to be more strongly related to processes control-
ling rainfall and direct runoff than ground-water storage 
and base flow. 
Long-term downward trends in base flows of streams 

may indicate a reduction in ground-water storage and 
recharge. Because ground water provides about 99 percent of 
Hawaii’s domestic drinking water, a reduction in ground-water 
storage and recharge has serious implications for drinking-
water availability. In addition, reduction in stream base flows 
may reduce habitat availability for native stream fauna and 
water availability for irrigation purposes.  

Further study is needed to determine (1) whether the 
downward trends in base flows from 1913 to 2002 will con-
tinue or whether the observed pattern is part of a long-term 
cycle in which base flows may eventually return to levels mea-
sured during 1913 to the early 1940s, (2) the physical causes 
for the detected trends and variations in streamflow, and (3) 
whether regional climate indicators successfully can be used 
to predict streamflow trends and variations throughout the 
State. These needs for future study underscore the importance 
of maintaining a network of long-term-trend stream-gaging 
stations in Hawaii. 

Introduction 

In Hawaii, surface-water resources are developed for 
offstream uses including drinking water, agriculture, and 
industrial uses. The Hawaii State Water Code (Chapter 174C, 
Hawaii Revised Statutes) also recognizes beneficial instream 
uses including: (1) maintenance of fish and wildlife habitat, 
(2) outdoor recreational activities, (3) maintenance of eco-
systems such as estuaries, wetlands, and stream vegetation, 
(4) aesthetic values such as waterfalls and scenic waterways, 
(5) maintenance of water quality, (6) conveyance of irrigation 
and domestic water supplies to downstream points of diver-
sion, and (7) protection of traditional and customary Hawaiian 
rights. 

Proper management of surface-water resources in Hawaii 
requires an understanding of long-term trends and variations 
in streamflow. Both short-term climatic variability and long-
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term climate changes affect streamflow and pose challenges 
to water users, water suppliers, and resource managers in the 
State. During periods of drought, low rainfall and reduced 
ground-water discharge to streams can affect the flow charac-
teristics of streams and the instream and offstream uses of the 
water. Giambelluca and others (1991) identified 27 statewide 
droughts from 1895 through 1986, an average of about one 
drought every 3.3 years. Many of the droughts in Hawaii are 
related to El Niño events, which are associated with drier than 
normal winters in Hawaii (Giambelluca and others, 1991; Chu, 
1995). At longer time scales, sustained climate change may 
lead to a long-term reduction in streamflow availability that 
has important water-management implications. 

Since 1909, the U.S. Geological Survey has operated a 
total of about 500 stream-gaging stations on selected streams 
throughout Hawaii. Although many stations record only peak 
stages during storms, a significant number of stations continu-
ously monitor stream stage and flow. A statewide analysis of 
trends in streamflow from these continuous-record stations has 
not been undertaken prior to this study. 

Fontaine (1996) identified 20 stream-gaging stations in 
the State that would be useful, with continued data collection, 
to meet future goals associated with long-term trends (fig. 
1, table 1). Selection of stations was based on two criteria: 
(1) drainage basins upstream of the stations should be free 
of artificial changes, and (2) stations need to be located in a 
variety of settings with different physical and climatological 
characteristics. Not all of the 20 stations identified by Fontaine 
(1996) are currently (2004) useful for identifying long-term 
trends. For example, the record at stream-gaging station 
16501200 (Oheo Gulch at dam near Kipahulu) extends back 
only to 1988. Two stations on the island of Hawaii (16700000, 
Waiakea Stream near Mountain View, and 16764000, Hilea 
Gulch tributary near Honuapo) and one station on the island 
of Molokai (16414000, Kaunakakai Gulch near Kaunakakai) 
have been discontinued since they were first identified as 
candidates for long-term-trend stations. In addition, flow at 
station 16414000 on Molokai was occasionally augmented 
by an unknown amount of water from a water-development 
tunnel. The remaining 16 long-term-trend stations are active 
stream-gaging stations with flow data that can be analyzed for 
long-term trends. 

Objectives 

The overall objective of this study is to obtain a better 
understanding of long-term trends and variations in stream-
flow on the Hawaiian Islands of Hawaii, Maui, Molokai, 
Oahu, and Kauai. This study includes (1) an analysis of long-
term trends in flows (both total flow and estimated base flow) 
at 16 of the long-term-trend stations identified by Fontaine 
(1996), (2) a description of patterns in trends within the State, 
and (3) discussion of possible regional factors (including rain-
fall) that are related to the observed trends and variations. 

Purpose and Scope 

This report addresses a need to provide a statewide 
analysis of trends in streamflow from continuous-record long-
term stations. Daily mean discharge data collected by the U.S. 
Geological Survey at 16  long-term-trend stations are con-
sidered for analysis. Data collected during and prior to water 
year 2002 are used to determine monthly mean and annual 
mean flow values for both total streamflow and estimated base 
flow. Only water years with complete data are considered. (A 
water year covers the 12-month period from October 1 through 
September 30 and is designated by the calendar year in which 
it ends.) Trends in annual flow statistics are computed using a 
nonparametric trend test. Monthly mean flows are presented 
using a graphical technique designed to indicate periods of 
above and below average flows. Monthly mean flows also are 
correlated to a commonly used climate index. 

Background 

The Hawaiian Islands are geologically youngest in the 
southeast and oldest in the northwest. The eight main islands 
of the State of Hawaii and their approximate size, in square 
miles, from southeast to northwest are Hawaii, 4,021; Maui, 
728; Kahoolawe, 45; Lanai, 141; Molokai, 259; Oahu, 603; 
Kauai, 553; and Niihau, 71. The island of Hawaii has the 
highest altitude in the State at 13,796 feet above sea level. The 
highest altitude on Maui is about 10,000 feet above sea level 
in its eastern part and about 5,800 feet above sea level in its 
western part; a broad lowland area separates the two parts. 
Molokai is mountainous in its eastern part, where it rises to 
an altitude of about 5,000 feet above sea level; however, most 
of the island is less than 1,000 feet above sea level. Oahu 
has a mountainous ridge along its eastern side and another 
mountainous area along the western side, where it rises to an 
altitude of about 4,000 feet above sea level; however, most 
of Oahu is less than 1,000 feet above sea level. The highest 
altitude on Kauai is about 5,200 feet above sea level in its 
central part; however, large areas of the island shoreward of 
the interior mountains are less than 1,000 feet above sea level. 
The main Hawaiian Islands can be divided into two primary 
physiographic zones, windward and leeward, which relate to 
the exposure of these areas to persistent northeasterly winds 
and orographic rainfall. 

Atmospheric Circulation 

The general atmospheric-circulation pattern in the Pacific 
has a strong effect on the climate in Hawaii (Sanderson, 1993; 
Giambelluca and Schroeder, 1998). The Hawaiian Islands lie 
within the influence of the Hadley cell, which consists of air 
that rises from the surface near the Equator, cools and moves 
poleward at high altitudes, sinks and warms by compression in 
a broad area near 30º north latitude, and returns to the Equator. 



3 Background 

Table 1. Long-term-trend stream-gaging stations, Hawaii. 
[--, not estimated] 

Mean annual N value used
Years of 

Station Station name rainfall, in for base-flow
recorda 

inchesb separationc 

Kauai 

16019000 Waialae Stream at altitude 3,820 feet near Waimea 61 160 5 

16068000 East Branch of North Fork Wailua River near Lihue 87 130 4 

16097500 Halaulani Stream at altitude 400 feet near Kilauea 44 110 4 

16108000 Wainiha River near Hanalei 46 260 5 

Oahu 

16200000 North Fork Kaukonahua Stream above Right Branch near Wahiawa 79 250 4 

16211600 Makaha Stream near Makaha 43 70 4 

16226000 North Halawa Stream near Honolulu 52 140 5 

16229000 Kalihi Stream near Honolulu 88 120 5 

16303003d Punaluu Stream near Punaluu (combined flow of stations 16302000 and 16303000) 49 210 4 

Molokai 

16400000 Halawa Stream near Halawa 77 80 5 

16414000e Kaunakakai Gulch near Kaunakakai 48 70 --

Maui 

16501200f Oheo Gulch at dam near Kipahulu 9 -- --

16508000 Hanawi Stream near Nahiku 79 190 4 

16587000 Honopou Stream near Huelo 91 170 5 

16618000 Kahakuloa Stream near Honokohau 53 110 5 

16620000 Honokohau Stream near Honokohau 84 240 4 

Hawaii 

16700000e Waiakea Stream near Mountain View 61 120 --

16717000 Honolii Stream near Papaikou 36 200 4 

16720000 Kawainui Stream near Kamuela 38 170 4 

16764000e Hilea Gulch tributary near Honuapo 25 70 --
aComplete water years (through water year 2002). 
bAverage rainfall (over the drainage basin) estimated from Giambelluca and others, 1986. 
cBase-flow separation using the method of Wahl and Wahl, 1995. 
dDitch records (station 16302000) for water year 1954 may be affected by unmeasured flow through a wasteway gate (Takasaki and others, 1969). 
eData not currently (2004) useful for analysis of long-term trends; station discontinued. 
fData not currently (2004) useful for analysis of long-term trends; record too short. 
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Descending air from the Hadley cell near 30º north latitude 
creates an area of high pressure. The north Pacific anticyclone, 
located northeast of the Hawaiian Islands, is part of this high-
pressure area and is a persistent surface feature. Surface air 
that blows toward the Equator from the north Pacific anticy-
clone is deflected by the rotation of the Earth and becomes 
persistent northeasterly winds, known locally in Hawaii as 
trade winds. 

Descending air from the Hadley cell warms by com-
pression and meets ascending air that has cooled from the 
surface. A layer in which warmer air overlies cooler air forms 
where the descending and ascending air meet. This tempera-
ture inversion, where air temperature increases rather than 
decreases with altitude, is known as the trade-wind inversion 
in Hawaii. The inversion altitude varies from day to day and is 
commonly between 5,000 and 10,000 feet (Giambelluca and 
Schroeder, 1998). Because the trade-wind inversion inhibits 
the rise of moist surface air, the level of clouds is capped and 
air above the inversion is relatively dry. 

Climate 

In general, mild temperatures, cool and persistent north-
easterly winds, a rainy season from October through April, and 
a dry season from May through September characterize the 
climate of Hawaii (Blumenstock and Price, 1967; Sanderson, 
1993). The location of the north Pacific anticyclone relative to 
the Hawaiian Islands is one of the primary climate controls. 

The north Pacific anticyclone is farther north and stronger 
during the dry season relative to the wet season. During July 
(middle of dry season), the high-pressure area is near 38º north 
latitude, 150º west longitude, and the central pressure is about 
1,025 millibars; in comparison, during January (middle of wet 
season), the high-pressure area is near 32º north latitude, 130º 
west longitude, and the central pressure is about 1,021 milli-
bars (Schroeder, 1993). During the dry season, the stability of 
the north Pacific anticyclone produces persistent northeasterly 
winds that blow 80 to 95 percent of the time. During the rainy 
season, migratory low- and high-pressure systems and frontal 
systems often move past the Hawaiian Islands, resulting in less 
persistent trade winds that blow 50 to 80 percent of the time 
(Sanderson, 1993). 

Rainfall 

The topography of each island has a profound effect on 
rainfall. In general, the northeastern, or windward sides of the 
islands, are wettest. This pattern is controlled by the rise of 
moisture-laden northeasterly trade winds along the windward 
slopes of the islands (see for example Sanderson, 1993). When 
the moisture-laden air mass rises and cools, the moisture 
condenses and may precipitate on mountain slopes. Maximum 
rainfall occurs between altitudes of 2,000 and 6,000 feet above 
sea level, but amounts vary depending on the form, location, 
and topography of each island. Precipitation also may occur as 

Background 

fog drip, which is cloud vapor that is intercepted by vegeta-
tion and that subsequently drips to the ground. Fog drip also 
is greatest between altitudes of 2,000 and 6,000 feet. Above 
6,000 feet, precipitation decreases and the highest altitudes 
are semiarid. High mountain areas are dry because the upslope 
flow of moist air is prevented from penetrating above altitudes 
of about 6,000 to 8,000 feet by the temperature inversion in 
the atmosphere. Areas that are leeward (southwest) of moun-
tain barriers generally are drier than windward areas because 
air loses moisture during its ascent over an upwind barrier. 
This is known as the rain-shadow effect (Giambelluca and 
others, 1986). 

Mean annual rainfall exceeds 235 in. on the northeastern 
part of the island of Hawaii, 275 in. on the northeastern parts 
of Maui and Oahu, 155 in. on the mountainous parts of eastern 
Molokai, and 435 in. near the central summit area of Kauai 
(Giambelluca and others, 1986) (fig. 2). Most of the south-
western coastal areas of all islands receive less than 40 in. of 
rain annually; the island of Hawaii has areas at high altitudes, 
above the temperature inversion, that receive less than 20 in. 
Mean annual rainfall changes significantly over short horizon-
tal distances; in some places, this change can exceed 100 in. 
over a horizontal distance of 1 mile. 

Migratory low-pressure systems and frontal systems can 
bring heavy rains to the islands. The dry coastal leeward areas 
can receive much of their rainfall during a year because of 
these systems. In Hawaii, 24-hour rainfall totals can exceed 
10 in. over coastal areas and 20 in. over the mountainous inte-
rior areas during heavy storms (U.S. Weather Bureau, 1962; 
Giambelluca and others, 1984). 

Surface Water 

Most Hawaiian streams originate in the mountainous 
interiors of the islands and terminate at the coast. Streams are 
significant sculptors of the Hawaiian landscape because of 
the erosive power of the water they convey. In geologically 
young areas, such as much of the southern part of the island 
of Hawaii, well-defined stream channels have not developed 
because the permeability of the surface rocks generally is 
so high that rainfall infiltrates before flowing for significant 
distances on the surface. In geologically older areas that have 
received significant rainfall, streams and mass wasting have 
carved out large valleys (Oki, 2003). 

Streamflow in Hawaii is highly variable both in space and 
time. Streams that are dry most of the year are common in the 
drier, leeward parts of the islands. Streams that flow continu-
ously throughout the year are common in areas that receive 
significant rainfall and ground-water discharge. Seasonal 
streamflow variations exist over both windward and leeward 
areas, but they are commonly less pronounced in windward 
areas where base flow is significant and rainfall is persistent. 
During periods of little or no rainfall, the flow characteristics 
of a stream are primarily dependent on base flow (ground-
water discharges). Periods of less than average rainfall may 



��
��

�

�
���

��
��

��

�
��

�

�
��

��
��

��
��

��
��

�

��
�

��
�

��
��

���
���

���
���

���
���

���
���

��
���

���
���

���
�

�
��

�
���

�
���

��
�

�
�

��
��

�

� �

��
��

��
��

��

��
��

��
��

��
��

��
�

��
��

��
�

��
�

��
�

��
�

��
��

��
��

��
��

��
��

�
��

��

��
��

��
��

���
��

���
��

��
��

���
��

��
��

��
���

��
��

��
�

��
��

��
��

��
��

��
��

��
��

��
��

��
���

��
��

��
��

���
��

��
��

��
��

���
��

�
��

��
��

���
��

��
��

��
��

��
��

��
���

��
��

��
��

���
��

��
��

��
��

��
��

��
���

��
��

��
��

��
��

��
��

���
��

��
��

��
��

��

��

��
�

��
�

��
�

��
�

��
�

��
�

��
�

��
�

��
�

��
�

��
��

�

��
�

�

��

��

��

��

��

��
��

��

��
��

�

��
�

��
�

��
�

��
�

��
�

��
� ��

�

��
�

��
�

��
�

��
�

��
�

��
�

��
�

��
�

��
���

���
� ��
�

��
� ��

� ��
� ��

�
��

�

��
� ��

� ��
�

��
�

��
�

��
�

��
�

��
� ��

�

��
�

��
�

��
�

��
�

��
�

��
�

��
�

��
�

��
�

��
�

��
�

��
�

��
�

H
��

�

��
�

��
� ��

�
��

�

��
�

��
���

���
�

��
� ��

�

��
�

��
�

��
�

��
�

��
��

��
��

��
��

��
��

��
��

��
��

��
��

�
�

��
�

�
�

�
��

�

�
�

�
�

��
�

�
�

�
�

��
�

��
��

�
�

���
�

��
�

�
�

�
�

�
�

�
�

��
��

�
�

�
�

�
�

��
��

�
��

��
�

�
��

�
��

��
��

��
���

���
��

��
��

��
��

��
��

���
��

��
��

�

�
�

�
�

�
�

�
��

�
�

�
��

�
��

�
�

�
�

��
�

��
��

�
�

�
�

�
�

�
��

�
�

�
��

�
��

�
�

�
�

��
�

��
��

�
�

�
��

�
��

��
�

�
�

��
��

�
�

�
�

�
�

�
��

�
�

�
��

�
��

�
�

�
�

��
�

��
��

�
�

�
��

�
��

��
�

�
�

��
�

�
�

��
��

�
�

�
��

�

��
��

��
��

��
�

�
��

�
��

�
�

��
��

�
�

��
�

��
��

�
��

�
��

�
�

��
��

�
�

��
�

�
��

�
�

�
�

�

H
H

H

H

H

H

H

H

H

H

H

H

H
H

H
H

H

H
H

H
H

H

H H

H
H

H
H H
H

H
H

H

H
H
H

H

H

H

H
H
H

H

H

H
H

H

H

H

H
H

H

H

H
H
H
H H
H
H

H
H
H

H

H

H

H

H

H
H
H

H

H

H

H

H

H

H
H

Fi
gu

re
 2

. 
M

ea
n 

an
nu

al
 ra

in
fa

ll 
an

d 
se

le
ct

ed
 ra

in
-g

ag
in

g 
st

at
io

ns
, S

ta
te

 o
f H

aw
ai

i. 
 C

on
to

ur
s 

of
 m

ea
n 

an
nu

al
 ra

in
fa

ll 
(m

od
ifi

ed
 fr

om
 G

ia
m

be
llu

ca
 a

nd
 o

th
er

s,
 1

98
6)

 w
er

e 
ba

se
d 

on
 m

an
y 

ad
di

tio
na

l  
ra

in
-g

ag
in

g 
st

at
io

ns
 th

at
 a

re
 n

ot
 s

ho
w

n.
  

6  Trends in Streamflow Characteristics at Long-Term Gaging Stations, Hawaii



7 

be related to climatic cycles and result in periods of less than 
long-term average streamflow at a site. Periods of less than 
average streamflow also can be caused by upstream surface-
water diversions or nearby ground-water withdrawals that 
reduce base flow. 

The percentage of rainfall that directly runs off varies 
both among basins and within a basin. Among basins, the per-
centage of mean annual rainfall that runs off typically ranges 
between 10 and 40 percent, although higher and lower values 
exist in places. Within a basin, the percentage of rainfall that 
runs off varies temporally among individual storms and may 
range from less than 5 to greater than 50 percent (Oki, 2003). 
The percentage of rainfall that runs off is expected to be high 
where the rainfall amount and intensity are high, permeability 
of the soils is low, slopes are steep, the water table is at or near 
the land surface, or antecedent soil moisture is high. 

The flow that is equaled or exceeded 90 percent of the 
time (Q

90
 flow) is commonly used to characterize low flows in 

a stream. In Hawaii, Q
90

 flows may range from near zero for 
ephemeral streams in areas that receive little rainfall, to tens of 
cubic feet per second in areas that receive significant rainfall 
or ground-water discharge. Q

90
 flows commonly are less than 

estimated long-term average values of base flow at a site. For 
perennial streams, estimated long-term average base flow is 
commonly exceeded less than 70 percent of the time (Oki, 
2003). 

El Niño-Southern Oscillation and the Pacific 
Decadal Oscillation 

Regional climatic phenomena, including the El Niño-
Southern Oscillation (ENSO) and the Pacific Decadal 
Oscillation (PDO), may affect streamflow in Hawaii. Whereas 
the pattern of ocean-atmosphere variability associated with 
ENSO generally recurs on the time scale of a few to several 
years and mainly affects tropical regions, the pattern of ocean-
atmosphere variability associated with the PDO generally 
recurs on the time scale of a few to several decades and mainly 
affects the north Pacific. 

In Hawaii, drier than normal winter months commonly 
follow ENSO events (Chu, 1995). The ENSO phenomenon 
is characterized by variations in sea-surface temperature, 
atmospheric pressure, and circulation patterns in the tropical 
Pacific. Under average conditions, cool waters and high atmo-
spheric pressure exist in the eastern tropical Pacific relative to 
the western tropical Pacific, and winds generally blow from 
east to west. El Niño and La Niña conditions represent varia-
tions from the average conditions. During El Niño conditions, 
waters warm and atmospheric pressure decreases in the eastern 
tropical Pacific and easterly winds slacken. The counterpart to 
El Niño is La Niña, during which waters in the eastern tropical 
Pacific are cooler than average. 

Associated with El Niño conditions is the southern oscil-
lation, which refers to the seesaw variations in atmospheric 
pressure, measured at the surface, between the eastern and 

Data 

western tropical Pacific. During El Niño conditions, atmo-
spheric pressure in the eastern tropical Pacific decreases 
relative to atmospheric pressure in the western tropical Pacific. 
The Southern Oscillation Index (SOI) is a measure of the dif-
ference in atmospheric pressure between Tahiti and Darwin, 
Australia (see for example Trenberth, 1984). Large negative 
SOI values are associated with El Niño conditions, whereas 
large positive SOI values are associated with La Niña condi-
tions (fig. 3). 

Variations in sea-surface temperature in the north Pacific 
occur on both interannual and decadal time scales (see for 
example Yeh and Kirtman, 2003). One indicator of the decadal 
variations in sea-surface temperature in the north Pacific is the 
PDO (Mantua and others, 1997). The PDO refers to a recur-
ring pattern of ocean-atmosphere climate variability centered 
over the mid-latitude north Pacific and may be related to 
variations in ocean and air temperatures, as well as streamflow 
near the northwestern coast of the United States (Mantua and 
others, 1997). 

The PDO index, which is the leading principal compo-
nent from an empirical orthogonal function analysis of sea-
surface temperature anomalies in the north Pacific poleward 
of 20º N (Mantua, 2003), indicates that the PDO phase was 
mainly positive during 1925–1946 and 1977–1998 and mainly 
negative during 1947–1976 (Mantua and others, 1997) (fig. 
3). During 1910–1924, the PDO phase was mainly negative, 
although a brief period of positive PDO phase occurred during 
1913–1915. During 1998–2002, the PDO phase appears to be 
predominantly negative, although it is uncertain whether this 
negative phase will persist in the future. Positive PDO phases 
are characterized by cooler than average sea-surface tempera-
tures in the central north Pacific and warmer than average sea-
surface temperatures near the western coast of North America. 
Mantua and others (1997) indicated that the PDO index is 
negatively correlated with the SOI and winter precipitation 
over the Hawaiian Islands, although the effects of topography 
on rainfall in Hawaii were probably not considered. 

Data 

For this study, information related to streamflow, rainfall, 
and regional climate indices were used to evaluate trends and 
variations in streamflow characteristics. Daily mean discharge 
data collected by the U.S. Geological Survey from 16 long-
term-trend stations (fig. 1) were used to determine monthly 
mean and annual mean flow values. Only water years with 
complete data were considered. Data for water year 1954 for 
station 16303003 were excluded from the analysis because 
records may have been affected by unmeasured flow from a 
wasteway gate (Takasaki and others, 1969). 

Annual mean, Q
10

, Q
25

, Q
50

, Q
75

, and Q
90

 flows (total 
flow and base-flow component of total flow) were computed 
for each water year (figs. A1-A16). The annual Q

p
 flow is the 

daily mean flow that is equaled or exceeded p percent of the 
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Figure 3. Pacific Decadal Oscillation (PDO) index and Southern Oscillation Index (SOI). Monthly PDO-index values from Mantua (2003); 
monthly SOI values from National Weather Service (2003) with missing values generated using Tahiti sea-level pressure data from  
Commonwealth of Australia (2003).   

8  Trends in Streamflow Characteristics at Long-Term Gaging Stations, Hawaii



9 

time during the year. The Q
50

, or median flow, is the flow that 
is equaled or exceeded 50 percent of the time. Base flow was 
estimated from the total flow hydrograph using a computer-
ized base-flow separation method (see section on “Methods”). 
In addition to the percentile flows, the annual minimum and 
maximum consecutive 1-, 7-, and 30-day mean flows 
(figs. A1–A16) and monthly mean flows also were computed. 

Rainfall data were obtained from the Hawaii Commission 
on Water Resource Management (CWRM) and the National 
Climatic Data Center (NCDC) of the National Oceanic and 
Atmospheric Administration. Rainfall data from CWRM were 
in the form of monthly rainfall totals through 1986, and these 
data were updated through 2001 using daily rainfall from 
NCDC (National Climatic Data Center, 2002). Stations with 
long-term data identified by Giambelluca and others (1986) 
were considered for analysis in this study. Annual rainfall 
totals for the stations used in this study (fig. 2) were computed 
for calendar years through 2001 (figs. B1–B5 in Appendix B).

 Monthly values of the SOI were obtained from the 
National Weather Service, Climate Prediction Center (National 
Weather Service, 2003). Missing SOI values were computed 
using reconstructed Tahiti sea-level pressure data 
(Commonwealth of Australia, 2003) and available Darwin 
sea-level pressure data (National Weather Service, 2003). 
Monthly values of the PDO index, which are derived from the 
leading principal component of monthly sea-surface tempera-
ture anomalies in the North Pacific Ocean, were obtained from 
Mantua (2003) (fig. 3). 

Methods 

To meet the overall objective of this study, streamflow 
data from 16 of the 20 long-term-trend stations identified 
by Fontaine (1996) (table 1) were analyzed. Both total flow, 
which includes direct runoff and base flow, and the base-flow 
component of total flow at each of the 16 stream-gaging sta-
tions, as well as rainfall from selected rain-gaging stations 
(fig. 2), were statistically analyzed for long-term trends using 
the Mann-Kendall test (also referred to as the Kendall-tau 
test). Base flow was estimated using a computerized base-flow 
separation method. The effects of interannual and decadal 
climate variability on mean flows at the 16 stream-gaging 
stations also were analyzed by determining the relation among 
flow, the SOI, and the PDO index. 

Estimation of Base Flow 

The base-flow component of total flow (daily mean 
values) was estimated using a computerized base-flow separa-
tion method (Wahl and Wahl, 1995). This method previously 
has been used for streams on Molokai, Kauai, and Maui to 
estimate base flow (Oki, 1997; Izuka and Gingerich, 1998; 
Gingerich, 1999). The base-flow separation method requires 
estimates of two parameters: f (turning-point test factor) and 

Methods 

N (number of days in window). The model divides the daily 
streamflow record into non-overlapping N-day periods and 
determines the minimum flow within each N-day window. If 
the minimum flow within a given N-day window is less than f 
times the adjacent minimums, then the central window is made 
a turning point on the base-flow hydrograph. The length of 
the N-day window for a stream is an indicator of the time over 
which direct runoff occurs following a storm. 

For each of the 16 long-term-trend stations used for this 
study, values for f and N were estimated using the method 
described by Wahl and Wahl (1995). The f value used for all 
stations was 0.9. The N values used ranged from 4 to 5 days 
(table 1). 

Cumulative Monthly Departures 

Trends in time series sometimes are visualized readily 
using a graphical technique that involves plotting the cumula-
tive rescaled departures as a function of time (Bales and Pope, 
2001; Garbrecht and Fernandez, 1994). For this study, depar-
tures of monthly mean flows from the mean of all the monthly 
mean flows were computed and normalized (rescaled) by the 
standard deviation of the monthly mean flows. Cumulative 
values of the rescaled departures were plotted as a function 
of time to visualize trends in flows. During extended periods 
of above average flow, the cumulative departures increase 
with time (positive slope), whereas during extended periods 
of below average flow, the cumulative departures decrease 
with time (negative slope). (Plots of cumulative departures 
are analogous to mass diagrams for reservoir storage. Periods 
of increasing and decreasing values of the cumulative depar-
tures are respectively analogous to periods of increasing and 
decreasing reservoir storage.) 

Statistical Analysis of Long-Term Trends 

For this study, long-term trends in annual flows were 
tested using an extension of the seasonal Mann-Kendall test 
(Hirsch and Slack, 1984) that accounts for 1-year serial corre-
lation (Appendix C). The Mann-Kendall test (see for example 
Kendall, 1970; Helsel and Hirsch, 1992) is a nonparametric 
rank-based test that is resistant to the effects of outlier values 
and commonly is used for analysis of hydrologic data (see for 
example Hirsch and Slack, 1984; Lins and Slack, 1999; 
Douglas and others, 2000; Zhang and others, 2001). In gen-
eral, the Mann-Kendall test is used to determine whether val-
ues of one variable, y, tend to increase or decrease as the val-
ues of a second variable, x, increase or decrease. If y increases 
as x increases (either linearly or nonlinearly), the two variables 
possess a monotonic correlation. If the variable x represents 
time, the Mann-Kendall test can be used to determine whether 
upward or downward monotonic trends exist in the variable y, 
which may represent streamflow or rainfall for example. 

For hydrologic time-series data, the Mann-Kendall test 
is best suited to analysis of long-term data sets. Although the 
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Mann-Kendall test can be applied to short time series with 
less than 10 data values, tests applied to short time series may 
not provide information that is of practical importance. Tests 
applied to short time series may (1) fail to detect a statistically 
significant trend even though a large increase or decrease in 
flow has occurred, or (2) detect a statistically significant trend 
even though the trend is of no practical importance. 

As an example of the failure of the Mann-Kendall test 
to detect a statistically significant trend in a short time series 
even though an important increase or decrease in flow has 
occurred, consider the average flows in 5 consecutive years 
of 10, 50, 100, 101, and 99 cubic feet per second. The Mann-
Kendall test would not detect a significant trend (5-percent 
level of significance) for this short time series even though the 
flows increased considerably after the second year. 

As an example of how the Mann-Kendall test could 
detect a statistically significant trend in a short time series 
even though the trend is of no practical importance, consider 
the average flows in 13 consecutive years of 100, 90, 80, 70, 
60, 61, 62, 63, 64, 50, 40, 30, and 20 cubic feet per second. 
Over the 5 central years, the flows increased from 60 to 
64 cubic feet per second. The Mann-Kendall test would indi-
cate a statistically significant upward trend (5-percent level 
of significance) over the 5 central years of the 13-year period 
even though the flows generally decreased over the entire 
13-year period. Over the entire 13-year period, a statistically 
significant downward trend (5-percent level of significance) 
would be detected with the Mann-Kendall test. 

Serial correlation commonly exists in hydrologic time 
series and may confound detection of trends. Yue and Wang 
(2002) indicated that the effect of serial correlation on detec-
tion of trends with the Mann-Kendall test is dependent on 
sample size, magnitude of serial correlation, and magnitude 
of trend. If the Mann-Kendall test is used to detect trends in a 
time series with positive serial correlation, a statistically sig-
nificant trend may be detected even though no trend exists; if 
the Mann-Kendall test is used to detect trends in a time series 
with negative serial correlation, no trend may be detected even 
though a trend does exist (Yue and Wang, 2002). Hirsch and 
Slack (1984) developed an extension of the Mann-Kendall 
test for seasonal data with serial dependence. The seasonal 
Mann-Kendall test developed by Hirsch and Slack (1984) was 
modified for use in this study to account for serial correlation 
in annual time series (see Appendix C). 

A measure of the strength of the correlation between two 
variables is provided by Kendall’s tau coefficient, which takes 
on values ranging from -1 to +1. A tau value of -1 indicates 
that all y values decrease with increasing x; a tau value of +1 
indicates that all y values increase with increasing x. 

The Kendall-Theil robust line is a robust, nonparamet-
ric estimate of the slope of a linear trend line relating two 
variables (see for example Helsel and Hirsch, 1992, p. 266). 
The nonparametric estimate of the slope is equal to the median 
of the slopes between all possible pairs of data. Determination 
of the statistical significance of the slope of the Kendall-Theil 
robust line is identical to the determination of the statisti-

cal significance of Kendall’s tau (see Appendix C). For this 
study, a 5-percent level of significance was selected to indicate 
whether a statistically significant trend in annual mean flows 
and annual rainfall exists. 

Analysis of the Relation Among Flow, Southern 
Oscillation Index, and Pacific Decadal 
Oscillation 

Data from the long-term-trend stations (table 1) were 
analyzed to determine the relation among streamflow in 
Hawaii and regional indices of interannual climate variability, 
as measured by the SOI, and interdecadal climate variability, 
as measured by the PDO index (Mantua and others, 1997). 
The Mann-Kendall test was used to estimate the correlation 
between 3-month average flows and lagged 3-month average 
SOI. Relations were evaluated separately for periods when 
positive and negative PDO phases were predominant. 

Long-Term Trends in Flow 

Annual mean, Q
10

, Q
25

, Q
50

 (median), Q
75

, and Q
90

 flows 
(total flow and base flow), and annual minimum and maxi-
mum consecutive 1-, 7-, and 30-day mean total flows 
(figs. A1–A16) at 16 long-term stations were analyzed for 
trends during four periods of different lengths: water years 
1913–2002, 1933–2002, 1953–2002, and 1973–2002. For each 
period, only stations with complete data in at least 80 percent 
of the years were used. Of the long-term-trend stations, only 
one station (16587000, Honopou Stream near Huelo, Maui) 
had a complete water year of data prior to water year 1913. 
Thus, the period 1913 to 2002 was selected as the longest 
period for which trends in flows were computed. Shorter, more 
recent periods, were selected to evaluate trends during subsets 
of the 1913 to 2002 period. 

The magnitude and direction of trends in streamflow 
were determined using the normalized slope of the Kend-
all-Theil robust line. Slopes of the Kendall-Theil robust line 
(tables 2-5) were normalized (divided) by the long-term-flow 
values associated with each slope. For example, dividing the 
slope value for annual median flow by the overall median 
flow during the period for which the slope was computed 
normalized the slope of the trend in annual median flow. For 
this report, slopes of the Kendall-Theil robust line have units 
of cubic feet per second per year, whereas normalized slopes 
have units of year -1. 
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Water Years 1913–2002 

For the 90-year period 1913–2002, data from seven sta-
tions, including, one station on Kauai (16068000), two stations 
on Oahu (16200000 and 16229000), one station on Molokai 
(16400000), and three stations on Maui (16508000, 16587000 
and 16620000), were used to evaluate trends in flow. Mean 
annual rainfall on the drainage basins above these gaging sta-
tions ranges from about 80 to 250 in. (table 1) (Giambelluca 
and others, 1986). 

Cumulative departures of monthly mean base flows 
for the seven stations (16068000, 16200000, 16229000, 
16400000, 16508000, 16587000, and 16620000) generally 
indicate increasing values of cumulative departures from 1913 
to the early 1940s, followed by generally decreasing values to 
2002 (fig. 4). Thus, monthly mean base flows generally were 
above the long-term average from 1913 to the early 1940s and 
below average after the early 1940s to 2002. The cumulative 
departures for monthly mean base flows generally are consis-
tent with the trends in annual mean base flow for 1913–2002 
described below. At some stations, the patterns of cumulative 
departures for monthly mean total flow (fig. 4) are similar to 
those for base flow, particularly for station 16229000 on Oahu. 
At other stations (for example station 16068000 on Kauai), 
the patterns of cumulative departures for monthly mean total 
flow and monthly mean base flow differ. Differing patterns of 
cumulative departures for total and base flows may reflect dif-
ferent factors controlling the high and low flows at some sites 
and the different time scales over which these factors vary. In 
general, base flow is controlled by ground-water storage and 
does not respond as quickly to changes in rainfall as direct 
runoff. 

For 1913–2002, trends in annual total-flow percentiles 
at the seven stations generally were downward (fig. 5, table 
2). At most stations, trends in the median and lower flows, 
as indicated by the annual Q

50
, Q

75
, and Q

90
 total flows, were 

statistically significant at the 5-percent level of significance. 
Trends in the higher flows, as indicated by the annual Q

10
, Q

25
, 

and mean total flows, also generally were downward, although 
the trends were statistically significant (5-percent level of sig-
nificance) at only one (16229000) of the seven stations. Trends 
in the median and lower total flows are consistent with the 
statistically significant downward trends in annual base-flow 
percentiles at all seven stations (fig. 6), as well as the statisti-
cally significant downward trends in minimum 1-, 7-, and 
30-day mean flows at five of the seven stations (fig. 7). 

Long-Term Trends in Flow 

Trends in flows generally reflect statewide trends in 
rainfall. Statistically significant trends in annual rainfall 
predominantly indicate decreasing rainfall for the period 1913 
to 2001 (fig. 8). Of the 20 statistically significant trends in 
annual rainfall, 17 are downward, which is consistent with the 
downward trends in flows at the seven stream-gaging stations 
during the period. 

To determine whether the downward trends in rainfall 
extend to the period before 1913, annual rainfall data for the 
period 1893 to 2001 were analyzed (fig. 9). The period 1893 
to 2001 was selected because it includes the 20-year period 
prior to 1913 and because annual rainfall data were available 
from more than 20 stations. From 1893 to 2001, only three 
significant trends in annual rainfall were detected at the 23 
stations evaluated. Statistically significant downward trends in 
annual rainfall were detected at two sites in northeastern Maui; 
a statistically significant upward trend was detected at one site 
near the northern part of the island of Hawaii. Thus, although 
rainfall trends commonly were downward during the 89-year 
period from 1913 to 2001, over the 109-year period 1893 to 
2001, significant trends were much less common. 
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18 Trends In Streamflow Characteristics At Long-Term Gaging Stations, Hawaii


Water Years 1933–2002 

For the 70-year period 1933–2002, data from seven sta-
tions, including one station on Kauai (16068000), two stations 
on Oahu (16200000 and 16229000), one station on Molokai 
(16400000), and three stations on Maui (16508000, 16587000, 
and 16620000), were used to evaluate trends in flow. Mean 
annual rainfall on the drainage basins above these gaging sta-
tions ranges from about 80 to 250 in. (table 1) (Giambelluca 
and others, 1986). 

For stations 16229000 on Oahu and 16400000 on 
Molokai, cumulative departures of monthly mean base flows 
generally increased from 1933 to about 1970 and decreased 
after 1970 (fig. 10). Thus, for these two stations, monthly 
mean base flows generally were above average from 1933 
to about 1970 and below average after 1970. For station 
16508000 on Maui, cumulative departures of monthly mean 
base flows increased from 1933 to about 1940 and decreased 
after about 1960. The pattern of cumulative departures of 
monthly mean total flows and monthly mean base flows are 
similar at stations 16229000 and 16620000, but differ at sta-
tions 16508000 and 16587000. 

For the period 1933–2002, trends in the annual total-flow 
percentiles at the seven stations generally were downward 
(fig. 11, table 3), although statistically significant downward 
trends in total-flow percentiles were detected at only four of 
the seven stations (stations 16229000 on Oahu, 16400000 on 
Molokai, and 16508000 and 16587000 on Maui). The statisti-
cally significant downward trends in annual total-flow percen-
tiles generally were for the median and lower flows (Q

50
, Q

75
, 

and Q
90

). No significant upward trends in annual total-flow 
percentiles were detected. 

Q

For the period 1933-2002, trends in the annual base-flow 
percentiles at the seven stations generally were downward 
(fig. 12, table 3), and statistically significant downward trends 
in base-flow percentiles were detected at five of the seven sta-
tions. At stations 16229000 (Oahu) and 16400000 (Molokai), 
statistically significant downward trends were detected in all 
measured base-flow percentiles, ranging from annual Q

10
 to 

90
 base flows. At the three other stations with statistically 

significant downward trends in annual base-flow percentiles, 
the downward trends were restricted to narrower flow ranges. 
Statistically significant downward trends in base-flow per-
centiles were detected at station 16200000 on Oahu (Q

10
 base 

flow), station 16508000 on Maui (Q
75

 and Q
90

 base flows), and 
station 16587000, also on Maui (Q

90
 base flow). 

Statistically significant downward trends were detected 
in the 1-, 7-, and 30-day mean minimum flows at stations 
16508000 and 16587000 on Maui (fig. 13). Trends in the 1-, 
7-, and 30-day mean minimum flows at other stations were 
downward but not statistically significant at the 5-percent 
level. Statistically significant upward trends in the 1- and 
7-day mean maximum flows at station 16068000 on Kauai 
were detected (fig. 13), which may reflect a trend toward the 
occurrence of more intense storms over time within the drain-
age basin of this station. A statistically significant downward 
trend in the 30-day mean maximum flow at station 16229000 
on Oahu also was detected, although the normalized slope of 
the trend is small. 

For the period 1933–2001, statistically significant 
trends in annual rainfall were detected at 14 stations (fig. 14). 
Statistically significant downward trends in annual rainfall 
were detected at 12 of the 14 sites, and statistically significant 
upward trends in annual rainfall were detected at only two 
sites, both on Maui. 
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24 Trends in Streamflow Characteristics at Long-Term Gaging Stations, Hawaii


Water Years 1953–2002 

For the 50-year period 1953–2002, data from 14 sta-
tions, including four stations on Kauai (16019000, 16068000, 
16097500, and 16108000), five stations on Oahu (16200000, 
16211600, 16226000, 16229000, and 16303003), one station 
on Molokai (16400000), and four stations on Maui (16508000, 
16587000, 16618000, and 16620000) were used to evaluate 
trends in flow. Mean annual rainfall on the drainage basins 
above these gaging stations ranges from about 70 to 
260 in. (table 1) (Giambelluca and others, 1986). 

For station 16211600 on Oahu, the cumulative departures 
of monthly total and base flows generally increased from 
about the early 1960s to the early 1990s and decreased after 
the early 1990s. Thus, for station 16211600, monthly mean 
total and base flows generally were above average from the 
early 1960s to the early 1990s and below average after the 
early 1990s. For station 16400000 on Molokai, cumulative 
departures of monthly mean base flows generally increased 
from 1953 to about 1970 and decreased after 1970 (fig. 15), 
indicating that monthly mean base flows generally were above 
average from 1953 to about 1970 and below average after 
1970. For station 16019000 on Kauai, the cumulative depar-
tures of monthly total and base flows increased from about the 
early 1960s to the early 1980s and decreased after the early 
1980s (fig. 15). However, prior to the early 1960s, the pattern 
of cumulative departures at station 16019000 is less clear. 

For the period 1953–2002, statistically significant 
downward trends in annual total-flow characteristics were 
only detected at station 16211600 on Oahu (Q

10
 and mean 

total flow) (fig. 16, table 4). However, statistically signifi-
cant downward trends in annual base-flow percentiles were 
detected at five stations (fig. 17). At station 16400000 (Molo-
kai), statistically significant downward trends in the median 
and higher base flows (Q

50
, Q

25
, Q

10
, and mean) were detected. 

Statistically significant downward trends in annual base-flow 
percentiles also were detected at Oahu stations 16211600 (Q

10 

and Q
25

 base flow), 16226000 (Q
10

 base flow), 16229000 (Q
10 

base flow), and 16303003 (Q
25

 base flow). 
Statistically significant downward trends were detected 

in the 1-day mean maximum flows at three stations on Oahu 
(16200000, 16226000, and 16229000), which may reflect 
a trend toward smaller storms over time within the drain-
age basins of these stations (fig. 18). In addition, statistically 
significant downward trends were detected in the 7-day mean 
maximum flows at two stations on Oahu (16226000 and 
16229000), and statistically significant downward trends were 
detected in the 30-day mean maximum flows at four stations 
on Oahu (16200000, 16211600, 16226000, and 16229000). 
No other statistically significant trends were detected in the 1-, 
7-, and 30-day mean minimum and maximum flows. 

For the period 1953–2001, all 16 statistically significant 
trends detected in annual rainfall were downward (fig. 19). 
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Figure 15. Cumulative departures of monthly mean flow from the mean of the monthly flows, Hawaii  (based on complete water years 
from 1953 through 2002).  See figure 1 for station locations. 
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30 Trends in Streamflow Characteristics at Long-Term Gaging Stations, Hawaii


Water Years 1973–2002 

For the 30-year period 1973–2002, data from 16 sta-
tions, including four stations on Kauai (16019000, 16068000, 
16097500, and 16108000), five stations on Oahu (16200000, 
16211600, 16226000, 16229000, and 16303003), one station 
on Molokai (16400000), four stations on Maui (16508000, 
16587000, 16618000, and 16620000), and two stations on 
the island of Hawaii (16717000 and 16720000), were used to 
evaluate trends in flow. Mean annual rainfall on the drainage 
basins above these gaging stations ranges from about 70 to 
260 in. (table 1) (Giambelluca and others, 1986). 

For most of the long-term-trend stations, cumulative 
departures of monthly flows generally indicate below aver-
age flows during the 1970s. For station 16019000 on Kauai, 
the cumulative departures of monthly base flows generally 
increased from 1973 to the early 1980s and decreased after 
the early 1980s (fig. 20). Thus, for station 16019000, monthly 
mean base flows generally were above average from 1973 to 
the early 1980s and below average from the early 1980s to 
2002. For station 16211600 on Oahu, the cumulative depar-
tures of monthly base flows increased after about 1980 until 
the early 1990s and generally decreased after the early 1990s 
(fig. 20). 

For the period 1973–2002, a statistically significant 
downward trend in the total flow Q

10
 was detected at station 

16211600 on Oahu (fig. 21, table 5). A statistically signifi-
cant upward trend in the total flow Q

25
 was detected at station 

16717000 on the island of Hawaii (fig. 21). No other statisti-
cally significant trends for annual total-flow percentiles were 
detected. 

Statistically significant downward trends in annual base-
flow percentiles were detected at three stations in the north-
western part of the State: station 16211600 on Oahu (Q

75
 base 

flow), station 16097500 on Kauai (Q
10

 base flow), and station 
16019000 on Kauai (Q

10
, Q

25
, and mean base flow) (fig. 22, 

table 5). A statistically significant upward trend in the Q
10

 base 
flow was detected near the southeastern part of the State at sta-
tion 16720000 on the island of Hawaii (fig. 22). 

Statistically significant upward trends were detected 
in the 1-day mean minimum flow at station 16019000 on 
Kauai, and in the 1- and 7-day mean minimum flows at station 
16229000 on Oahu (fig. 23). No other statistically significant 
trends were detected in the 1-, 7-, and 30-day mean minimum 
and maximum flows. 

For the period 1973–2001, statistically significant down-
ward trends in annual rainfall were detected at only three sta-
tions (one station each near the southern parts of the islands of 
Kauai, Oahu, and Hawaii) (fig. 24). No statistically significant 
upward trends in annual rainfall were detected in the State at 
the stations considered. 
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Figure 20. Cumulative departures of monthly mean flow from the mean of the monthly flows, Hawaii  (based on complete water years 
from 1973 through 2002).  See figure 1 for station locations. 
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Summary of Patterns in Long-Term Trends 

Data are available from seven long-term-trend stations on 
four islands since 1913. Data from these seven stations indi-
cate that low flows generally decreased from 1913 to 2002, 
and this trend is consistent with the long-term downward trend 
in rainfall over much of the State during the period. Thus, the 
long-term downward trend in low flows at the seven 
long-term-trend stations may be representative of conditions 
throughout much of the State from 1913 to 2002. 

Long-term downward trends in low flows of streams 
may indicate a reduction in ground-water discharge to streams 
caused by a long-term decrease in ground-water storage and 
recharge. Because ground water provides about 99 percent of 
Hawaii’s domestic drinking water (Gingerich and Oki, 2000), 
a reduction in ground-water storage and recharge has seri-
ous implications for drinking-water availability. In addition, 
reduction in stream base flows may affect habitat availability 
for native stream fauna and water availability for irrigation 
purposes. Thus, identifying and understanding the causes of 
trends in streamflow is essential for proper water management. 

Cumulative-departure graphs (fig. 4) indicate above 
average base flows during the period from about 1913 to the 
early 1940s and below average base flows from the early 
1940s to 2002, and this pattern is consistent with the measured 
downward trends in base flows from 1913 to 2002. Although 
trends in rainfall and low flows in streams commonly were 
downward during the 90-year period 1913 to 2002, significant 
trends in rainfall during the 109-year period from 1893 to 
2001 generally were not detected. Because significant trends 
in rainfall were not common over the extended period from 
1893 to 2001, long-term trends in streamflow also may have 
been less common during the same period. Further study 
is needed to determine (1) whether the downward trends in 
base flows from 1913 to 2002 will continue or whether the 
observed pattern is part of a long-term cycle in which base 
flows may eventually return to levels measured during 1913 to 
the early 1940s, and (2) the physical causes for the trends in 
streamflow detected for the period 1913 to 2002. 

Data are available from seven long-term-trend stations 
on four islands since 1933. Data indicate that overall trends 
in low-flow characteristics from 1933 to 2002 generally are 
downward. However, statistically significant downward trends 
were not detected at stations on Kauai (16068000) and north-
west Maui (16620000) from 1933 to 2002, although statisti-
cally significant downward trends in low flows were detected 
during 1913 to 2002 at these stations. Thus, the period from 
1913 to 1933 may have been a period of relatively high flow 
at these sites, which is consistent with the above average base 
flows prior to the early 1940s indicated by the cumulative-
departure graphs (fig. 4). 

From 1953 to 2002 and from 1973 to 2002, the percent-
age of stations with statistically significant downward trends 
in low flows decreased relative to the earlier periods (1913 
to 2002 and 1933 to 2002). From 1953 to 2002, statistically 
significant downward trends in base-flow percentiles were 

detected only at stations on Oahu and eastern Molokai, and 
from 1973 to 2002, statistically significant downward trends in 
base-flow percentiles were detected only at stations on Kauai 
and northwestern Oahu. From 1973 to 2002, statistically 
significant upward trends in some flow characteristics were 
detected at stations on Kauai, Oahu, and Hawaii. 

The percentage of statistically significant trends in rain-
fall and flow for the period 1973 to 2002 is much lower than 
for the period 1913 to 2002. Trends in rainfall and streamflow 
based on a few decades of data may not be representative of 
long-term conditions for a given location. Furthermore, detec-
tion of patterns in trends over time scales of a few decades 
may be confounded by high spatial and temporal variability 
in both rainfall and flow characteristics in Hawaii.  Thus, 
interpretation of trend patterns from short-term rainfall or 
streamflow records may be uncertain. Over longer time scales, 
detected trend patterns generally would be more reliable, 
which underscores the need to maintain a network of long-
term-trend stations in Hawaii. 

Patterns in long-term trends in rainfall or streamflow may 
be highly dependent on the time period selected for analysis. 
For example, if the beginning part of the selected time period 
is wet and the ending part is dry (such as the period 
1913–2002 in Hawaii), then downward trends in rainfall or 
streamflow may be readily detected. However, if the beginning 
and ending parts of the selected time period are dry and the 
middle part is wet (perhaps similar to the period 1893–2001 
in Hawaii), then trends in rainfall or streamflow may be less 
apparent. 

Relation Among Streamflow, Southern 
Oscillation Index, and Pacific Decadal 
Oscillation 

To evaluate the relation among flow and the SOI and 
PDO index, the correlation between 3-month average flow and 
3-month average SOI for monthly lags of -120 to 120 months 
was estimated using Kendall’s tau coefficient (Helsel and 
Hirsch, 1992). For this report, negative lags correspond to 3-
month average flow preceding 3-month average SOI, whereas 
positive lags correspond to 3-month average SOI preceding 3-
month average flow. The 3-month average flows for each com-
plete water year of record from each of the 16 long-term-trend 
stations were computed for four periods—October to Decem-
ber, January to March, April to June, and July to September. 
Thus, the average October to December flow was computed 
for each complete water year of record at each station. Simi-
larly, the average January to March flow, average April to June 
flow, and average July to September flow also were computed 
for each complete water year of record at each station. 

For each 3-month period, Kendall’s tau coefficient 
relating the 3-month average flow and concurrent 3-month 
average SOI was computed separately for positive (water years 
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1925–1946 and 1977–1998) and negative (water years before 
1925, 1947–1976, and after 1998) phases of the PDO. In addi-
tion, Kendall’s tau coefficient relating the 3-month average 
flow and the 3-month average SOI also was computed for 
all nonzero monthly lags from -120 to 120 months. For the 
October to December period of flow, a positive 1-month lag 
for the SOI would correspond to the 3-month average SOI dur-
ing September to November of the same year. For the October 
to December period of flow, a negative 1-month lag for the 
SOI would correspond to the 3-month average SOI during 
November and December of the same year and January of the 
following year. Larger lags were handled similarly. 

The relations between flow and SOI are presented in the 
form of cross-correlograms that show the value of Kendall’s 
tau coefficient at all monthly lags from -120 to 120 months 
(figs. 25–40). The cross-correlograms show the relations 
between flow (total flow and base flow) and SOI separately for 
positive and negative PDO phases and for different 3-month 
periods of flow. The results presented in the following sections 
mainly describe overall patterns in the structure of the cross-
correlograms rather than the individual cross-correlograms for 
each station. 

January to March 

Total Flow, Positive PDO Phase.— During positive 
PDO phases, statistically significant positive correlation 
(5-percent level of significance) between average total flow for 
January to March and 3-month average SOI was detected for 
at least one monthly lag from -120 to 120 months at all 16 of 
the long-term-trend stations, and statistically significant nega-
tive correlation was detected for at least one lag from -120 to 
120 months at 15 of the 16 stations (fig. 25). 

During positive PDO phases, statistically significant 
positive correlation between average total flow for January to 
March and 3-month average SOI was detected for at least one 
lag from -2 to 9 months at 15 of the 16 long-term-trend sta-
tions, and for at least four lags from 0 to 9 months at 13 of the 
16 stations (fig. 25). Thus, total flow during the winter months 
of January to March tends to be low during or following 
El Niño (negative-SOI) periods and high during or following 
La Niña (positive-SOI) periods that occur during positive PDO 
phases. At station 16618000 in northwestern Maui, average 
total flow for January to March and 3-month average SOI are 
positively correlated for lags of -2 to 9 months during positive 
PDO phases, although the correlation is not statistically signif-
icant at the 5-percent level. Also during positive PDO phases, 
statistically significant positive correlation between average 
total flow for January to March and 3-month average SOI was 
detected for at least one lag from 60 to 100 months at eight 
of the 16 long-term-trend stations (including two stations on 
Kauai, three on Oahu, one on Molokai, and two on Hawaii). 

During positive PDO phases, statistically significant 
negative correlation between average total flow for January to 
March and 3-month average SOI was detected for at least one 

lag from -11 to -46 months at 12 of the 16 long-term-trend sta-
tions (all four stations on Kauai; stations 16211600, 16226000 
and 16303003 on Oahu; 16400000 on Molokai; 16508000, 
16587000, and 16620000 on Maui; and 16720000 on Hawaii), 
and for at least two lags from -31 to -46 months at seven of 
the 16 stations (fig. 25). Also during positive PDO phases, 
statistically significant negative correlation between average 
total flow for January to March and 3-month average SOI was 
detected for at least one lag from 13 to 33 months at eight 
stations (including three stations on Kauai, two on Maui, and 
one each on Oahu, Molokai, and Hawaii) and for at least one 
lag from 111 to 120 months at eight stations (including two 
stations each on Kauai and Oahu, one on Molokai, and three 
on Maui). 

For many of the  long-term-trend stations, lags for which 
the correlation between average total flow and 3-month aver-
age SOI is positive and statistically significant are bracketed 
by lags for which the correlation is negative and statistically 
significant. In general, the variation in correlation as a func-
tion of different lag values is consistent with a quasi-cyclic 
process. Some of the cross-correlograms (fig. 25) appear to 
have a quasi-cyclic structure in which the correlation varies 
from positive to negative to positive with a period of about 4 to 
8 years (see for example station 16680000 on Kauai). A 4- to 
8-year period may be slightly greater than the period associ-
ated with the ENSO cycle.  

Total Flow, Negative PDO Phase.— During nega-
tive PDO phases, statistically significant positive correlation 
between average total flow for January to March and 3-month 
average SOI was detected for at least one monthly lag from 
-120 to 120 months at 15 of the 16 long-term-trend stations, 
and statistically significant negative correlation was detected 
for at least one lag from -120 to 120 months at 14 of the 16 
stations (fig. 26). 

During negative PDO phases, statistically significant 
positive correlation between average total flow for January to 
March and 3-month average SOI was detected for at least one 
lag from -3 to 8 months at eight of the 16 long-term-trend sta-
tions, and for at least two lags from -2 to 8 months at seven of 
the 16 stations (stations 16019000, 16068000, and 16108000 
on Kauai; 16200000, 16226000, and 16229000 on Oahu; and 
16400000 on Molokai) (fig. 26).  Also during negative PDO 
phases, statistically significant positive correlation between 
average total flow for January to March and 3-month average 
SOI was detected for at least one lag from -57 to -86 months at 
10 of the 16 stations (16068000, 16097500, and 16108000 on 
Kauai; all five stations on Oahu; and 16587000 and 16620000 
on Maui), and for at least one lag from 51 to 95 months at 
12 stations (16068000, 16097500, and 16108000 on Kauai; 
16211600, 16226000, and 16303003 on Oahu; 16400000 on 
Molokai; all four stations on Maui; and 16717000 on Hawaii). 

During negative PDO phases, statistically significant 
negative correlation between average total flow for January to 
March and 3-month average SOI was detected for at least one 
lag from -10 to -45 months at nine of the 16 long-term-trend 
stations, and for at least two lags from -10 to -45 months at 
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eight of the 16 stations (station 16068000 on Kauai; 16226000 
and 16229000 on Oahu; 16400000 on Molokai; 16508000, 
16587000, and 16620000 on Maui; and 16717000 on Hawaii) 
(fig. 26).  Also during negative PDO phases, statistically 
significant negative correlation between average total flow 
for January to March and 3-month average SOI was detected 
for at most two lags from -100 to -120 months at six of the 16 
stations. 

Base Flow, Positive PDO Phase.— During positive PDO 
phases, statistically significant positive correlation between 
average base flow for January to March and 3-month aver-
age SOI was detected for at least one monthly lag from -120 
to 120 months at 14 of the 16 long-term-trend stations, and 
statistically significant negative correlation was detected for at 
least one lag from -120 to 120 months at 15 of the 16 stations 
(fig. 27). 

During positive PDO phases, statistically significant 
positive correlation between average base flow for January 
to March and 3-month average SOI was detected for at least 
four lags from -2 to 9 months at 11 of the 16 long-term-trend 
stations (fig. 27). At stations 16108000 on Kauai, 16303003 
on Oahu, and 16720000 on Hawaii, average base flow during 
January to March and 3-month average SOI are positively 
correlated for lags of -2 to 9 months, although the correlation 
is not statistically significant at the 5-percent level. At sta-
tions 16618000 and 16620000 in northwestern Maui, average 
base flow during January to March and 3-month average SOI 
are both positively and negatively correlated for lags of -2 to 
9 months, and the correlation is not statistically significant at 
the 5-percent level. In general, average base flow during the 
winter months of January to March tends to be low during or 
following El Niño (negative-SOI) periods and high during or 
following La Niña (positive-SOI) periods that occur dur-
ing positive PDO phases. Also during positive PDO phases, 
statistically significant positive correlation between average 
base flow for January to March and 3-month average SOI was 
detected for at least one lag from -73 to -74 months at six of 
the 16 long-term-trend stations, for at least one lag from 36 
to 70 months at six stations, and for at least one lag from 95 
to 100 months at 10 stations (16068000 on Kauai; 16200000, 
16211600, and 16229000 on Oahu; 16400000 on Molokai; all 
four stations on Maui; and 16720000 on Hawaii). 

During positive PDO phases, statistically significant 
negative correlation between average base flow for January to 
March and 3-month average SOI was detected for at least one 
lag from -31 to -50 months at 14 of the 16 long-term-trend sta-
tions, and for at least three lags from -31 to -50 months at 10 
of the 16 stations (16019000 on Kauai; 16200000, 16211600, 
16226000, and 16303003 on Oahu; all four stations on Maui; 
and 16717000 on Hawaii) (fig. 27). Also during positive PDO 
phases, statistically significant negative correlation between 
average base flow for January to March and 3-month average 
SOI was detected for at least one lag from 11 to 33 months at 
six stations. 

Base Flow, Negative PDO Phase.— During nega-
tive PDO phases, statistically significant positive correlation 

between average base flow for January to March and 3-month 
average SOI was detected for at least one lag from -120 to 
120 months at 14 of the 16 long-term-trend stations, statisti-
cally significant negative correlation was detected for at least 
one lag from -120 to 120 months at 12 of the 16 stations, and 
no statistically significant correlation was detected for lags 
from -120 to 120 months at one of the 16 stations (16508000 
on Maui) (fig. 28). 

During negative PDO phases at stations on Kauai 
(16019000, 16068000, and 16108000), Oahu (16200000, 
16226000, and 16229000), Molokai (16400000), and Hawaii 
(16717000), significant positive correlation was detected 
between average base flow for the winter months of January 
to March and the 3-month average SOI for at least one lag 
between -4 to 8 months. Also during negative PDO phases, 
statistically significant positive correlation between average 
base flow for January to March and 3-month average SOI was 
detected for at least one lag from -58 to -117 months at nine 
of the 16 long-term-trend stations (16019000 and 16097500 
on Kauai; 16211600, 16226000, 16229000, and 16303003 on 
Oahu; 16400000 on Molokai; and 16587000 and 16620000 
on Maui), and for at least one lag from 73 to 103 months at 
nine stations (16068000, 16097500 and 16108000 on Kauai; 
16211600, 16226000, 16229000, and 16303003 on Oahu; and 
16717000 and 16720000 on Hawaii). 

During negative PDO phases, statistically significant 
negative correlation between average base flow for January to 
March and 3-month average SOI was detected for at least one 
lag from -6 to -49 months at seven of the 16 long-term-trend 
stations, and for at least one lag from 13 to 39 months at six of 
the 16 stations (fig. 28). During negative PDO phases at sta-
tions on Kauai (16108000), Oahu (16226000 and 16229000), 
and Maui (16618000 and 16620000), significant negative 
correlation exists between average base flow for the winter 
months of January to March and the 3-month average SOI for 
at least one lag between 20 to 21 months. 

April to June 

Total Flow, Positive PDO Phase.—During positive PDO 
phases, statistically significant positive correlation (5-percent 
level of significance) between average total flow for April to 
June and 3-month average SOI was detected for at least one 
lag from -120 to 120 months at all 16 of the long-term-trend 
stations, and statistically significant negative correlation was 
detected for at least one lag from -120 to 120 months at 15 
stations (fig. 29). 

During positive PDO phases, statistically significant posi-
tive correlation between average total flow for April to June 
and 3-month average SOI was detected for at least one lag 
from 1 to 14 months at nine of the 16 long-term-trend stations 
(16068000, 16097500, and 16108000 on Kauai; 16211600, 
16226000, 16229000, and 16303003 on Oahu; 16508000 on 
Maui; and 16717000 on Hawaii), and for at least one lag from 
75 to 84 months at six stations (fig. 29). For positive PDO 
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phases and lags from about 0 to 9 months, the percentage of 
stations with significant positive correlation between average 
total flow and the 3-month average SOI is higher during the 
months of January to March than during the months of April 
to June. 

Also during positive PDO phases, statistically significant 
positive correlation between average total flow for April to 
June and 3-month average SOI was detected for at least one 
lag from -12 to -23 months at 13 of the 16 long-term-trend sta-
tions, and for at least two lags from -12 to -23 months at nine 
of the 16 stations (including stations 16019000 and 16108000 
on Kauai, and all stations on Molokai, Maui, and Hawaii) 
(fig. 29). The positive correlation at negative lags indicates 
that average total flow during the months of April to June 
tends to be low 1 to 2 years prior to El Niño periods and high 
1 to 2 years prior to La Niña periods that occur during positive 
PDO phases. However, statistically significant positive correla-
tion between average total flow for April to June and 3-month 
average SOI also was detected for positive lags, which may 
be a manifestation of a quasi-cyclic relation between average 
total flow for April to June and 3-month average SOI. 

During positive PDO phases, statistically significant 
negative correlation between average total flow for April to 
June and 3-month average SOI was detected for at least two 
lags from -45 to -70 months at 10 of the 16 long-term-trend 
stations (16097500 on Kauai; 16211600, 16226000, and 
16303003 on Oahu; 16400000 on Molokai; all four stations on 
Maui; and 16720000 on Hawaii). 

Total Flow, Negative PDO Phase.—During nega-
tive PDO phases, statistically significant positive correlation 
between average total flow for April to June and 3-month 
average SOI was detected for at least one lag from -120 to 
120 months at 15 of the 16 long-term-trend stations, and 
statistically significant negative correlation was detected for at 
least one lag from -120 to 120 months at 14 of the 16 stations 
(fig. 30). 

During negative PDO phases, statistically significant 
positive correlation between average total flow for April to 
June and 3-month average SOI was detected for at least one 
lag from -49 to -87 months at five of the 16 long-term-trend 
stations, for at least one lag from 1 to 7 months at six stations, 
and for at least one lag from 80 to 114 months at 12 stations 
(16068000, 16097500, and 16108000 on Kauai; 16200000, 
16211600, 16229000 on Oahu; 16400000 on Molokai; 
16508000, 16587000, and 16620000 on Maui; 16717000 and 
16720000 on Hawaii). 

During negative PDO phases, statistically significant 
negative correlation between average total flow for April to 
June and 3-month average SOI was detected for at least one 
lag from -99 to -117 months at seven of the 16 long-term-
trend stations, for at least one lag from -5 to -11 months at six 
stations, and for at least one lag from 18 to 23 months at eight 
stations. 

Base Flow, Positive PDO Phase.—In general, during 
positive PDO phases the relation between base flow during 
April to June and 3-month average SOI (fig. 31) is similar to 

the relation for total flow. During positive PDO phases, statis-
tically significant positive correlation between average base 
flow for April to June and 3-month average SOI was detected 
for at least one monthly lag from -120 to 120 months at all 16 
of the long-term-trend stations, and statistically significant 
negative correlation was detected for at least one monthly lag 
from -120 to 120 months at 14 of the 16 long-term-trend 
stations. 

During positive PDO phases, statistically significant 
positive correlation between average base flow for April to 
June and 3-month average SOI was detected for at least one 
lag from -12 to -24 months at 12 of the 16 long-term-trend 
stations (16019000, 16097500, and 16108000 on Kauai; 
16200000 and 16226000 on Oahu; and all stations on Molo-
kai, Maui, and Hawaii), and for at least one lag from 1 to 13 
months at nine stations (16068000 and 16097500 on Kauai; all 
five stations on Oahu; and 16508000 and 16587000 on Maui) . 

During positive PDO phases, statistically significant 
negative correlation between average base flow for April to 
June and 3-month average SOI was detected for at least one 
lag from -41 to -63 months at 11 of the 16 long-term-trend sta-
tions (16097500 on Kauai; 16200000, 16211600, 16226000, 
and 16303003 on Oahu; all stations on Molokai and Maui; and 
16720000 on Hawaii) (fig. 31). 

Base Flow, Negative PDO Phase.—During negative 
PDO phases, statistically significant positive correlation 
between average base flow for April to June and 3-month aver-
age SOI was detected for at least one monthly lag from -120 
to 120 months at all 16 of the long-term-trend stations, and 
statistically significant negative correlation also was detected 
for at least one monthly lag from -120 to 120 months at all 16 
of the long-term-trend stations (fig. 32). 

During negative PDO phases, statistically significant 
positive correlation between average base flow for April to 
June and 3-month average SOI was detected for at least one 
lag from -2 to 9 months at seven of the 16 long-term-trend 
stations, and for at least one lag from 80 to 110 months at 
10 stations (16019000, 16068000, and 16097500 on Kauai; 
16200000, 16211600, 16229000, and 16303003 on Oahu; 
16400000 on Molokai; 16587000 on Maui; and 16717000 on 
Hawaii). 

During negative PDO phases, statistically significant 
negative correlation between average base flow for April to 
June and 3-month average SOI was detected for at least one 
lag from -108 to -118 months at 11 of the 16 long-term-trend 
stations (16019000, 16068000, and 16108000 on Kauai; 
16200000 and 16226000 on Oahu; 16400000 on Molokai; 
all four stations on Maui; and 16720000 on Hawaii), for at 
least one lag from -5 to -37 months at six stations, and for at 
least one lag from 12 to 48 months at 10 stations (16019000, 
16097500, and 16108000 on Kauai; 16200000, 16211600, and 
16229000 on Oahu; 16587000, 16618000, and 16620000 on 
Maui; and 16717000 on Hawaii (fig. 32). 
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48 Trends in Streamflow Characteristics at Long-Term Gaging Stations, Hawaii


July to September 

Total Flow, Positive PDO Phase.—During positive PDO 
phases, statistically significant positive correlation (5-percent 
level of significance) between average total flow for July to 
September and 3-month average SOI was detected for at least 
one lag from -120 to 120 months at 15 of the 16 long-term-
trend stations, and statistically significant negative correlation 
was detected for at least one lag from -120 to 120 months at 
12 stations (fig. 33). During positive PDO phases, statistically 
significant negative correlation was not detected for lags from 
-120 to 120 months at any of the four long-term-trend stations 
on Kauai. 

During positive PDO phases, statistically significant posi-
tive correlation between average total flow for July to 
September and 3-month average SOI was detected for at least 
one lag from -70 to -90 months at 13 of the 16 long-term-
trend stations (16019000, 16068000, and 16108000 on Kauai; 
16200000, 16226000, and 16229000 on Oahu; and all stations 
on Molokai, Maui, and Hawaii), and for at least one lag from 
20 to 52 months at five stations (fig. 33). 

During positive PDO phases, statistically significant 
negative correlation between average total flow for July to 
September and 3-month average SOI was detected for at least 
two lags from -8 to 11 months at 11 of the 16 long-term-trend 
stations, and for at least two lags from -8 to 0 months at 10 
of the 16 stations (fig. 33). Statistically significant negative 
correlation between average total flow for July to September 
and 3-month average SOI was not detected for lags from -8 to 
11 months at the four stations on Kauai (16019000, 16068000, 
16097500, and 16108000) and the one station in western Oahu 
(16211600). 

At most of the long-term-trend stations throughout the 
State, statistically significant positive correlation between 
average total flow for July to September and 3-month average 
SOI for lags of -70 to -90 months indicates that average total 
flow for July to September tends to be low 6 to 8 years prior 
to El Niño (negative-SOI) periods and high 6 to 8 years prior 
to La Niña (positive-SOI) periods that occur during positive 
PDO phases. However, in the southeastern part of the State, 
statistically significant negative correlation between average 
total flow for July to September and 3-month average SOI for 
lags of -8 to 0 months indicates that average total flow during 
the summer months of July to September also tends to be high 
within the 8 months prior to El Niño periods and low within 
the 8 months prior to La Niña periods that occur during posi-
tive PDO phases. 

Total Flow, Negative PDO Phase.—During negative 
PDO phases, statistically significant positive correlation 
(5-percent level of significance) between average total flow 
for July to September and 3-month average SOI was detected 
for at least one lag from -120 to 120 months at 15 of the 16 
long-term-trend stations, and statistically significant negative 
correlation was detected for at least one lag from -120 to 
120 months at 13 stations (fig. 34). 

During negative PDO phases, statistically significant 
positive correlation between average total flow for July to 
September and 3-month average SOI was detected for at least 
one lag from -90 to -119 months at seven of the 16 long-term-
trend stations, for at least one lag from -44 to -78 months at 
12 stations (160109000, 16097500, and 16108000 on Kauai; 
16200000, 16226000, 16229000, and 16303003 on Oahu; all 
four stations on Maui; and 16717000 on Hawaii), and for at 
least one lag from 85 to 117 months at 10 stations (16019000, 
16097500, and 16108000 on Kauai; 16211600, 16229000, and 
16303003 on Oahu; and all four stations on Maui) (fig. 34). 

During negative PDO phases, statistically significant 
negative correlation between average total flow for July to 
September and 3-month average SOI was detected for at least 
one lag from -6 to 12 months at seven of the 16 long-term-
trend stations (fig. 34). 

Base Flow, Positive PDO Phase.—During positive PDO 
phases, statistically significant positive correlation between 
average base flow for July to September and 3-month aver-
age SOI was detected for at least one monthly lag from -120 
to 120 months at 15 of the 16 long-term-trend stations, and 
statistically significant negative correlation was detected for at 
least one monthly lag from -120 to 120 months at 12 of the 16 
long-term-trend stations (fig. 35). 

During positive PDO phases, statistically significant posi-
tive correlation between average base flow for July to 
September and 3-month average SOI was detected for at 
least one lag from -70 to -95 months at 10 of the 16 long-
term-trend stations (16019000 and 16068000 on Kauai; 
16211600 and 16229000 on Oahu; 16400000 on Molokai; 
16508000, 16587000, and 16618000 on Maui; and both sta-
tions on Hawaii), for at least one lag from -12 to -34 months 
at nine stations (16108000 on Kauai; 16200000, 16226000, 
and 16229000 on Oahu; 16400000 on Molokai; 16508000, 
16587000, and 16620000 on Maui; and 16720000 on Hawaii), 
and for at least one lag from 3 to 52 months at seven stations 
(fig. 35). 

During positive PDO phases, statistically significant 
negative correlation between average base flow for July to 
September and 3-month average SOI was detected for at least 
one lag from -48 to -59 months at 10 of the 16 long-term-
trend stations (16097500 on Kauai; 16211600, 16229000, 
and 16303003 on Oahu; 16400000 on Molokai; 16587000, 
16618000, and 16620000 on Maui; and both stations on 
Hawaii), and for at least one lag from -7 months to 1 month at 
six stations (fig. 35). 

Base Flow, Negative PDO Phase.—During negative 
PDO phases, statistically significant positive correlation 
between average base flow for July to September and 3-month 
average SOI was detected for at least one monthly lag from 
-120 to 120 months at 14 of the 16 long-term-trend stations, 
statistically significant negative correlation was detected for at 
least one monthly lag from -120 to 120 months at 15 of the 16 
long-term-trend stations, and no statistically significant cor-
relation was detected for lags from -120 to 120 months at one 
station (16400000 on Molokai) (fig. 36). 
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53 Relation Among Streamflow, Southern Oscillation Index, and Pacific Decadal Oscillation


During negative PDO phases, statistically significant 
positive correlation between average base flow for July to 
September and 3-month average SOI was detected for at least 
one lag from -72 to -79 months at nine of the 16 long-term-
trend stations (16108000 on Kauai; 16226000, 16229000, and 
16303003 on Oahu; all four stations on Maui; and 16717000 
on Hawaii), for at least one lag from -44 to -60 months at 
five stations, for at least one lag from -10 to -29 months at 
five stations, and for at least one lag from 92 to 117 months 
at 10 stations (16019000 and 16097500 on Kauai; 16211600, 
16226000, 16229000, and 16303003 on Oahu; and all four 
stations on Maui) (fig. 36). 

During negative PDO phases, statistically significant 
negative correlation between average base flow for July to 
September and 3-month average SOI was detected for at 
least one lag from -6 to 23 months at 10 of the 16 long-term-
trend stations (16097500 and 16108000 on Kauai; 16200000, 
16211600, and 16303003 on Oahu; all four stations on Maui; 
and 16717000 on Hawaii) (fig. 36). 

October to December 

Total Flow, Positive PDO Phase.—During positive 
PDO phases, statistically significant positive correlation (5-
percent level of significance) between average total flow for 
October to December and 3-month average SOI was detected 
for at least one lag from -120 to 120 months at 14 of the 16 
long-term-trend stations, and statistically significant negative 
correlation was detected for at least one lag from -120 to 120 
months at all 16 stations (fig. 37). 

During positive PDO phases, statistically significant 
positive correlation between average total flow for October to 
December and 3-month average SOI was detected for at least 
one lag from -91 to -110 months at eight of the 16 long-term-
trend stations, and for at least one lag from -69 to -75 months 
at six stations (fig. 37). 

During positive PDO phases, statistically significant 
negative correlation between average total flow for October 
to December and 3-month average SOI was detected for at 
least one lag from -34 to -57 months at 10 of the 16 long-term-
trend stations (16200000, 16211600, and 16229000 on Oahu, 
and all stations on Molokai, Maui, and Hawaii), for at least 
one lag from 61 to 79 months at nine stations (16019000 and 
16068000 on Kauai; 16200000, 16211600, 16226000, and 
16229000 on Oahu; 16400000 on Molokai; and 16508000 and 
16618000 on Maui), and for at least one lag from 115 to 119 
months at eight stations (all four stations on Kauai; 16226000 
and 16303003 on Oahu; 16400000 on Molokai; and 16618000 
on Maui) (fig. 37). 

Total Flow, Negative PDO Phase.—During negative 
PDO phases, statistically significant positive correlation 
(5-percent level of significance) between average total flow for 
October to December and 3-month average SOI was detected 
for at least one lag from -120 to 120 months at all 16 of the 
long-term-trend stations, and statistically significant negative 

correlation was detected for at least one lag from -120 to 
120 months at 13 of the 16 stations (fig. 38). 

During negative PDO phases, statistically significant 
positive correlation between average total flow for October to 
December and 3-month average SOI was detected for at least 
one lag from -61 to -119 months at 14 of the 16 long-term-
trend stations (all stations except those on Hawaii), and for at 
least one lag from 30 to 47 months at six stations (fig. 38). 

During negative PDO phases, statistically significant 
negative correlation between average total flow for October 
to December and 3-month average SOI was detected for at 
least one lag from -6 to 28 months at 11 of the 16 long-term-
trend stations (16019000, 16068000, and 16097500 on Kauai; 
16200000, 16229000, and 16303003 on Oahu; 16400000 on 
Molokai; and all four stations on Maui), and for at least one 
lag from 0 to 24 months at nine of the 16 stations (16019000, 
16068000, and 16097500 on Kauai; 16200000 and 16229000 
on Oahu; 16400000 on Molokai; and 16508000, 16587000, 
and 16620000 on Maui) (fig. 38). 

Base Flow, Positive PDO Phase.—During positive PDO 
phases, statistically significant positive correlation between 
average base flow for October to December and 3-month aver-
age SOI was detected for at least one monthly lag from -120 to 
120 months at 13 of the 16 long-term-trend stations, statisti-
cally significant negative correlation also was detected for at 
least one monthly lag from -120 to 120 months at 13 of the 16 
long-term-trend stations, and no statistically significant corre-
lation was detected for monthly lags from -120 to 120 months 
at one station (16108000 on Kauai) (fig. 39). 

During positive PDO phases, statistically significant 
positive correlation between average base flow for October 
to December and 3-month average SOI was detected for 
at least one lag from -67 to -74 months at eight of the 16 
long-term-trend stations (16019000 on Kauai; 16200000 on 
Oahu; 16400000 on Molokai; all four stations on Maui; and 
16717000 on Hawaii), and for at least one lag from -10 to -30 
months at six stations (fig. 39). 

During positive PDO phases, statistically significant 
negative correlation between average base flow for October to 
December and 3-month average SOI was detected for at least 
one lag from -45 to -56 months at nine of the 16 long-term-
trend stations (16068000 and 16097500 on Kauai; 16200000, 
16211600, 16229000, and 16303003 on Oahu; 16618000 and 
16620000 on Maui; and 16717000 on Hawaii), and for at least 
one lag from -3 to 21 months at seven stations (fig. 39). 

Base Flow, Negative PDO Phase.—During negative 
PDO phases, statistically significant positive correlation 
between average base flow for October to December and 
3-month average SOI was detected for at least one monthly 
lag from -120 to 120 months at all 16 of the long-term-trend 
stations, and statistically significant negative correlation was 
detected for at least one monthly lag from -120 to 120 months 
at 14 of the 16 long-term-trend stations (fig. 40). 

During negative PDO phases, statistically significant 
positive correlation between average base flow for October to 
December and 3-month average SOI was detected for at least 
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one lag from -61 to -99 months at 11 of the 16 long-term-
trend stations (16019000 on Kauai; all five stations on Oahu; 
16400000 on Molokai; 16587000 and 16620000 on Maui; and 
both stations on Hawaii), and for at least one lag from 29 to 
41 months at five stations (fig. 40). 

During negative PDO phases, statistically significant 
negative correlation between average base flow for October 
to December and 3-month average SOI was detected for at 
least one lag from -6 to 28 months at 11 of the 16 long-term-
trend stations (16068000 and 16097500 on Kauai; 16200000, 
16211600, 16229000, and 16303003 on Oahu; 16400000 on 
Molokai; and all four stations on Maui), and for at least one 
lag from 0 to 24 months at nine of the 16 stations (16068000 
and 16097500 on Kauai; 16200000, 16211600, and 16229000 
on Oahu; 16400000 on Molokai; and 16587000, 16618000, 
and 16620000 on Maui) (fig. 40). 

Summary of Patterns in Relations Among Flow, 
Southern Oscillation Index, and Pacific Decadal 
Oscillation 

One of the salient relations among streamflow, SOI, 
and PDO is the nearly statewide positive correlation, during 
periods of positive PDO phase, between winter (January to 
March) streamflow and SOI during the previous 0 to 9 months. 
This positive correlation indicates that average total flow 
(and to a lesser extent average base flow) during the winter 
months of January to March tends to be low following El Niño 
periods and high following La Niña periods, particularly dur-
ing positive PDO phases. In Hawaii, drier than normal winter 
months commonly follow ENSO events (Chu, 1995). At the 
long-term-trend stations, the positive correlation between 
winter (January to March) flow and SOI during the previous 0 
to 9 months is more widespread for total flow than base flow, 
which indicates that ENSO may be more strongly related to 
processes controlling direct runoff than ground-water dis-
charge during the winter months. 

During positive PDO phases, statistically significant 
negative correlation between average total flow (and base 
flow) for January to March and 3-month average SOI during 
the subsequent 1 to 4 years was detected at most of the long-
term-trend stations. At many of the long-term-trend stations, 
a pattern of positive correlation between flow and SOI for 
some monthly lags and negative correlation at other lags may 
indicate that the relation between flow and SOI during both 
positive and negative PDO phases is quasi-cyclic. 

For the months of April to June, statistically significant 
positive correlation between average total flow and 3-month 
average SOI during the previous 1 to 14 months was detected 
at most of the long-term-trend stations during positive PDO 
phases. However, the percentage of stations with signifi-
cant positive correlation between average total flow and the 
3-month average SOI during the previous 1 to 14 months is 
higher for flow during the months of January to March than 
during the months of April to June. During positive PDO 

phases, statistically significant positive correlation between 
average total flow for April to June and 3-month average SOI 
during the subsequent 12 to 23 months was detected at 13 of 
the 16 long-term-trend stations (including three of four sta-
tions on Kauai, three of five stations on Oahu, and all stations 
on Molokai, Maui, and Hawaii). This positive correlation 
between average total flow for April to June and 3-month 
average SOI during the subsequent 12 to 23 months indicates 
that average total flow during the months of April to June 
tends to be low 1 to 2 years prior to El Niño periods and high 
1 to 2 years prior to La Niña periods that occur during posi-
tive PDO phases. Because the relation between streamflow 
and SOI may be quasi-cyclic, it is difficult to discern whether 
low streamflow during April to June is caused by ENSO or 
whether factors that cause low streamflow during April to June 
help to initiate ENSO. During positive PDO phases, the rela-
tions between average base flow during April to June and SOI 
are similar to those for average total flow. 

For the summer months of July to September, statistically 
significant positive correlation between average total flow and 
3-month average SOI during the subsequent 70 to 90 months 
was detected at most of the  long-term-trend stations, particu-
larly during positive PDO phases. This positive correlation 
indicates that average total flow for July to September tends to 
be low 6 to 8 years prior to El Niño periods and high 6 to 
8 years prior to La Niña periods that occur during positive 
PDO phases. However, in the southeastern part of the State, 
statistically significant negative correlation between average 
total flow for July to September and 3-month average SOI 
during the subsequent 0 to 8 months indicates that average 
total flow during the summer months of July to September 
also tends to be high within the 8 months prior to El Niño 
periods and low within the 8 months prior to La Niña periods 
that occur during positive PDO phases. At the long-term-trend 
stations during positive PDO phases, the positive correlation 
between summer (July to September) flow and SOI during 
the subsequent 70 to 90 months and the negative correlation 
between summer flow and SOI during the subsequent 0 to 8 
months is more widespread for total flow than base flow. 

During the months of October to December, patterns in 
the relations between flow and SOI generally are less well-
defined than for other months. For the months of October to 
December, patterns in the relations between flow and SOI for 
the long-term-trend stations are more prevalent during nega-
tive PDO phases than positive PDO phases. For the months 
of October to December, statistically significant negative cor-
relation between flow (average total flow and base flow) and 
3-month average SOI during the previous 0 to 24 months was 
detected at most of the long-term-trend stations during nega-
tive PDO phases. Statistically significant negative correlation 
between flow for October to December and 3-month average 
SOI during the previous 0 to 24 months indicates that flow 
during the months of October to December tends to be high 
0 to 2 years following El Niño periods and low 0 to 2 years 
following La Niña periods that occur during negative PDO 
phases. 
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Analysis of the relations among streamflow, SOI, and 
PDO indicates that short-term variability in streamflow cor-
responds with ENSO and partly with the PDO. All available 
data from each of the long-term-trend stream-gaging stations 
were considered in the analysis, although no attempt was made 
to determine the effect of record length on the relations among 
flow, SOI, and PDO. For this study, positive and negative 
phases of the PDO were mainly based on periods defined by 
Mantua and others (1997), and no attempt was made to evalu-
ate how the absolute magnitude of the PDO index affects the 
relations among flow, SOI, and PDO.   

In general, ENSO is less strongly related to base flow 
than total flow, indicating that it is the direct-runoff compo-
nent of total flow that is more closely related to ENSO. The 
relations among ENSO and PDO and flow characteristics are 
not always spatially uniform, indicating the need to maintain 
a network of stream-gaging stations throughout the State to 
improve the understanding of how ENSO and PDO relate to 
the State’s surface-water resources. Further study is needed to 
determine whether regional climate indicators successfully can 
be used to predict streamflow trends and variations throughout 
the State, which further underscores the need to maintain a 
network of long-term-trend stream-gaging stations in Hawaii. 

Summary 

Proper management of the surface-water resources in 
Hawaii requires an understanding of long-term trends and 
variations in streamflow. Both short-term climatic variability 
and long-term climate changes affect streamflow and pose 
challenges to water users, water suppliers, and resource man-
agers in the State. Many of the droughts in Hawaii are related 
to El Niño events, which are associated with drier than normal 
winters in Hawaii (Giambelluca and others, 1991; Chu, 1995). 
Long-term climate change may reduce streamflow availability 
in Hawaii for extended periods. 

The U.S. Geological Survey maintains a network of 
stream-gaging stations in Hawaii, and this network includes 
active long-term-trend stations (Fontaine, 1996) at which 
continuous records of streamflow are collected. Data from 16 
of these long-term stations are useful for examining trends in 
streamflow. 

The overall objective of this study was to obtain a better 
understanding of long-term trends and variations in stream-
flow on the Hawaiian Islands of Hawaii, Maui, Molokai, 
Oahu, and Kauai. This study included (1) an analysis of long-
term trends in flows (both total flow and estimated base flow) 
at 16 of the long-term-trend stations identified by Fontaine 
(1996), (2) a description of patterns in trends within the State, 
and (3) discussion of possible regional factors (including 
rainfall, El Niño, and the Pacific Decadal Oscillation) that are 
related to the observed trends and variations. 

Results of the long-term-trend analysis using the Mann-
Kendall test indicate that (1) from 1913 to 2002, low flows 
generally decreased in streams for which data are available, 

Summary 

and this trend is consistent with the long-term downward trend 
in rainfall over much of the State during that period; 
(2) from 1933 to 2002, overall trends in low-flow character-
istics generally were downward, although statistically signifi-
cant downward trends were not detected at some stations; 
(3) from 1953 to 2002 and from 1973 to 2002, the percent-
age of stations with statistically significant downward trends 
in low flows decreased relative to the longer periods (1913 to 
2002 and 1933 to 2002); and (4) from 1973 to 2002, statisti-
cally significant upward trends in selected flow characteristics 
were detected at stations on Kauai, Oahu, and Hawaii. 

Monthly mean base flows generally were above the long-
term average from 1913 to the early 1940s and below average 
after the early 1940s to 2002, and this pattern is consistent 
with the measured downward trends in base flows from 
1913 to 2002. Long-term downward trends in base flows of 
streams may indicate a reduction in ground-water storage and 
recharge. Because ground water provides about 99 percent of 
Hawaii’s domestic drinking water, a reduction in ground-water 
storage and recharge has serious implications for drinking-
water availability. In addition, reduction in stream base flows 
may reduce habitat availability for native stream fauna and 
water availability for irrigation purposes.  

The percentage of statistically significant trends in rain-
fall and flow for the period 1973 to 2002 is much lower than 
for the period 1913 to 2002. Detection of patterns in trends 
over time scales of a few decades may be confounded by high 
spatial and temporal variability in both rainfall and flow char-
acteristics in Hawaii.  

One of the salient relations among streamflow, the South-
ern Oscillation Index (SOI), and the Pacific Decadal Oscilla-
tion (PDO) is the nearly statewide positive correlation, during 
periods of positive PDO phase, between winter (January to 
March) streamflow and SOI during the previous 0 to 9 months. 
This positive correlation indicates that streamflow during the 
winter months of January to March tends to be low following 
El Niño periods and high following La Niña periods, par-
ticularly during positive PDO phases. At the long-term-trend 
stations, the correspondence of ENSO with flow during the 
winter months is more widespread for total flow than base 
flow, which indicates that ENSO corresponds more closely 
with direct runoff than with ground-water discharge. At many 
of the long-term-trend stations, a pattern of positive correlation 
between flow and SOI for some monthly lags and negative 
correlation at other lags may indicate that the relation between 
flow and SOI during both positive and negative PDO phases is 
quasi-cyclic. 

For the months of April to June, statistically significant 
positive correlation between average total flow and 3-month 
average SOI during the previous 1 to 14 months was detected 
at most of the long-term-trend stations during positive PDO 
phases. However, the percentage of stations with signifi-
cant positive correlation between average total flow and the 
3-month average SOI during the previous 1 to 14 months is 
higher for flow during the months of January to March than 
during the months of April to June. 
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In the southeastern part of the State during the summer 
months of July to September, statistically significant negative 
correlation between average total flow and 3-month average 
SOI during the subsequent 0 to 8 months indicates that aver-
age total flow during the summer months of July to September 
tends to be high within the 8 months prior to El Niño periods 
and low within the 8 months prior to La Niña periods that 
occur during positive PDO phases. 

During the months of October to December, patterns in 
the relations between flow and SOI generally are less well 
defined than for other months. For the months of October to 
December, consistent relations between flow and SOI for the 
long-term-trend stations are more prevalent during negative 
PDO phases than positive PDO phases. 

 The correspondence of ENSO and PDO with flow 
characteristics is not always spatially consistent, indicating the 
need to maintain a network of stream-gaging stations through-
out the State to improve the understanding of how ENSO and 
PDO are related to the State’s surface-water resources. 

Data from long-term stream-gaging stations in Hawaii 
indicate the presence of both long-term (decadal) trends and 
short-term (interannual) variability. The time scales over 
which these changes occur reflect the factors that control 
base flow and direct runoff. In general, significant changes in 
base flow occur at much longer time scales than changes in 
direct runoff because base flow is controlled by ground-water 
recharge and storage, whereas direct runoff is controlled by 
rainfall. Long-term downward trends in low flows of streams 
may indicate reductions in ground-water discharge to streams 
caused by long-term decreases in ground-water storage. Short-
term variability in streamflow is related to the El Niño-South-
ern Oscillation phenomenon, and this relation may be partly 
modulated by the Pacific Decadal Oscillation. The El Niño-
Southern Oscillation phenomenon occurs at a relatively short 
time scale (years not decades), and more closely corresponds 
with variations in direct runoff than variations in base flow. 

Further study is needed to determine (1) whether the 
downward trends in base flows from 1913 to 2002 will con-
tinue or whether the observed pattern is part of a long-term 
cycle in which base flows may eventually return to levels mea-
sured during 1913 to the early 1940s, (2) the physical causes 
for the detected trends and variations in streamflow, and 
(3) whether regional climate indicators successfully can be 
used to predict streamflow trends and variations throughout 
the State. These needs for future study underscore the need to 
maintain a network of long-term-trend stream-gaging stations 
in Hawaii. 
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Annual Flow Statistics at Long-Term Stream-Gaging Stations, Hawaii 
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Figure A1. Annual time series for various flow statistics at stream-gaging station 16019000, Waialae Stream at altitude 3,820 feet near 
Waimea, Kauai, Hawaii.  Only complete water years (prior to and including water year 2002) of data used.

Appendix A  63



�����������

�������
����������
����������

����������

�������
����������
����������

����������

�
������
�����

�����

�
�����
�����

������

�

��

��

��

��

��

�

��

��

��

��

��

��

��

�

��

��

��

��

�

��

��

��

��

���

�

��

���

���

���

���

�

��

��

��

��

��

��

�

�

��

��

��

��

��

��

�

���

����

����

����

����

����

��������������������� ����������������������

�����������������������������������������
����������������������������������

�����������������������������������������
����������������������������������

����������������������������������������
����������������������������������

�����������������������������������������
����������������������������������

������������������������������������

������������������������������������

��
��

��
��

��
���

��
��

��
��

��
��

��
��

��
��

�
�

��
��

��
��

��
���

��
��

��
��

��
��

��
��

��
��

�
�

���� ���� ���� ���� ���� ���� ���� ���� ���� ����

���� ���� ���� ���� ���� ���� ���� ���� ���� ����

����������

����������

� �

��

� �

�

�

�����������������
���������������

�����������������
���������������

Figure A2. Annual time series for various flow statistics at stream-gaging station 16068000, East Branch of North Fork Wailua River 
near Lihue, Kauai, Hawaii.  Only complete water years (prior to and including water year 2002) of data used. 
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Figure A3. Annual time series for various flow statistics at stream-gaging station 16097500, Halaulani Stream at altitude 400 feet near 
Kilauea, Kauai, Hawaii.  Only complete water years (prior to and including water year 2002) of data used. 
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Figure A4. Annual time series for various flow statistics at stream-gaging station 16108000, Wainiha River near Hanalei, Kauai, Hawaii.  
Only complete water years (prior to and including water year 2002) of data used. 
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Figure A5. Annual time series for various flow statistics at stream-gaging station 16200000, North Fork Kaukonahua Stream above 
Right Branch near Wahiawa, Oahu, Hawaii.  Only complete water years (prior to and including water year 2002) of data used. 
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Figure A6. Annual time series for various flow statistics at stream-gaging station 16211600, Makaha Stream near Makaha, Oahu, 
Hawaii.  Only complete water years (prior to and including water year 2002) of data used. 
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Figure A7. Annual time series for various flow statistics at stream-gaging station 16226000, North Halawa Stream near Honolulu, Oahu, 
Hawaii.  Only complete water years (prior to and including water year 2002) of data used. 
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Figure A8. Annual time series for various flow statistics at stream-gaging station 16229000, Kalihi Stream near Honolulu, Oahu, Hawaii.  
Only complete water years (prior to and including water year 2002) of data used. 
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Figure A9. Annual time series for various flow statistics at stream-gaging station 16303003, Punaluu Stream near Punaluu, Oahu, 
Hawa 
water year 2002) of data used.   
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Figure A10. Annual time series for various flow statistics at stream-gaging station 16400000, Halawa Stream near Halawa, Molokai, 
Hawaii.  Only complete water years (prior to and including water year 2002) of data used. 
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Figure A11. Annual time series for various flow statistics at stream-gaging station 16508000, Hanawi Stream near Nahiku, Maui, 
Hawaii.  Only complete water years (prior to and including water year 2002) of data used. 
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Figure A12. Annual time series for various flow statistics at stream-gaging station 16587000, Honopou Stream near Huelo, Maui, 
Hawaii.  Only complete water years (prior to and including water year 2002) of data used. 
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Figure A13. Annual time series for various flow statistics at stream-gaging station 16618000, Kahakuloa Stream near Honokohau, Maui, 
Hawaii.  Only complete water years (prior to and including water year 2002) of data used. 
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Figure A14. Annual time series for various flow statistics at stream-gaging station 16620000, Honokohau Stream near Honokohau, 
Maui, Hawaii.  Only complete water years (prior to and including water year 2002) of data used. 
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Figure A15. Annual time series for various flow statistics at stream-gaging station 16717000, Honolii Stream near Papaikou, island of 
Hawaii, Hawaii.  Only complete water years (prior to and including water year 2002) of data used. 
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Figure A16. Annual time series for various flow statistics at stream-gaging station 16720000, Kawainui Stream near Kamuela, island of 
Hawaii, Hawaii.  Only complete water years (prior to and including water year 2002) of data used. 
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Annual Rainfall at Selected Long-Term Rain-Gaging Stations, Hawaii 



80 Trends in Streamflow Characteristics at Long-Term Gaging Stations, Hawaii

Figure B1. Annual rainfall at selected rain-gaging stations, island of Kauai, Hawaii. 
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Figure B1. Annual rainfall at selected rain-gaging stations, island of Kauai, Hawaii.–Continued
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Figure B2. Annual rainfall at selected rain-gaging stations, island of Oahu, Hawaii. 
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Figure B2. Annual rainfall at selected rain-gaging stations, island of Oahu, Hawaii.–Continued 
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Figure B3. Annual rainfall at selected rain-gaging stations, island of Molokai, Hawaii. 

����������������� �����������������

����������������� �����������������

�����������������

�

��

��

��

��

��

��

�

��

��

��

��

���

���

���

�

��

��

��

��

��
�����������������

���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ����

���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ����

�

��

��

��

��

��

�

�

��

��

��

��

��

��

�

��

��

��

��

��

��

�

��

��

��

��

���
�����������������

��
�

��
��

��
��

��
��

���
�

���
��

��

Appendix B  84



Heading 1  85

Figure B4. Annual rainfall at selected rain-gaging stations, island of Maui, Hawaii.
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Figure B4. Annual rainfall at selected rain-gaging stations, island of Maui, Hawaii.–Continued
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 Figure B4. Annual rainfall at selected rain-gaging stations, island of Maui, Hawaii.–Continued
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Figure B5. Annual rainfall at selected rain-gaging stations, island of Hawaii, Hawaii.
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Figure B5. Annual rainfall at selected rain-gaging stations, island of Hawaii, Hawaii.–Continued
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Appendix C 

Mann-Kendall Test 
The Mann-Kendall test is a nonparametric, rank-based statistical test of the relation between two 

variables and can be used to evaluate trends in hydrologic time-series data if one of the variables is time. 
Kendall’s tau coefficient is used to quantify the strength of the monotonic relation between the two vari-
ables, x and y. If a positive correlation exists (tau>0), the y values increase more often than decrease as the 
x values increase; if a negative correlation exists (tau<0), the y values decrease more often than increase as 
the x values increase (Helsel and Hirsch, 1992). 

For a two-sided test, in which no assumption is made about whether the correlation between x and 
y is positive or negative, the null hypothesis, H

0
, for the Mann-Kendall test, is that no correlation exists 

between x and y (tau=0). The alternate hypothesis, H
1
, is that x and y are correlated (tau ≠ 0). 

The test statistic, S, for the Mann-Kendall test is computed by subtracting the number of discordant 
pairs of data, (x,y pairs for which y decreases as x increases) from concordant pairs (x,y pairs for which y 
increases as x increases). Assuming that the x values (x

1
, x

2
, …, x ) are sorted in ascending order, and each 

n
x  value has an associated y

i
 value, S is computed as follows: 

i

n−1 n 

S = ∑ ∑ sgn [( x j − xi )( y − yi )]j 
i=1 j = i+1 (1) 

where 

S = Mann-Kendall test statistic, 

sgn[(x -x
i
)•(y -y

i
)] = +1 if (x -x

i
)•(y -y

i
)> 0,

j j j j 

sgn[(x -x
i
)•(y -y

i
)] = 0 if (x -x

i
)•(y -y

i
)= 0, and

j j j j 

sgn[(x -x
i
)•(y -y

i
)] = -1 if (x -x

i
)•(y -y

i
)< 0.

j j j j 

To compute S, a total of n(n-1)/2 comparisons between data pairs must be made. The minimum and 
maximum values of S, respectively, are -n(n-1)/2 and n(n-1)/2. If the x values represent time and S is a 
large positive number, then the y values tend to increase with time; if S is a large negative number, then the 
y values tend to decrease with time. 

Kendall’s tau coefficient is computed from S as follows (Helsel and Hirsch, 1992): 

tau = S/[n(n-1)/2] (2) 

where 

n = total number of data pairs. 

Because S ranges from -n(n-1)/2 to n(n-1)/2, tau ranges from –1 to +1. Kendall’s tau coefficient also can 
be computed in a manner that accounts for possible ties between data points, in which case the magnitude 
of tau would be greater than that from equation 2 (see for example Kendall, 1970). 

To test the statistical significance of Kendall’s tau, the test statistic S is compared to the expected value 
for S under the null hypothesis of no correlation. The probability, p, of S being greater than or equal to (or 
less than or equal to) the computed value can be determined exactly (see for example Hollander and Wolfe, 
1973, table A.21) and compared to the selected level of significance, α. For a two-sided test, the null 
hypothesis, H

0
, is rejected in favor of the alternate hypothesis, H

1
, and Kendall’s tau is considered signifi-

cant, if 2p is less than α. 
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For n<10, the exact p-values should be used to determine statistical significance. For n≥10, a modified 
test statistic, Z, which is approximately normally distributed can be computed (Kendall, 1970). 

Z = (S-1)/[VAR(S)]1/2 for S>0, 

Z = 0 for S=0, 

Z = (S+1)/[VAR(S)]1/2 for S<0 (3) 

where 

Z = modified test statistic, 

nxx n y

∑∑( nVAR(S) = [n n-1)(2 +5) (t t -1)(2 +5) (u u -1)(2 +5)]/18lt u- -k k k l l 
k=1 l 1= 

  
 n ynx 

∑
 






 



 






(∑u u -1)(u -2)(t kk -1)(tk -2)  / (9n n −
1)(
n
−
2)
+
 k l l l 
k 1= l 1= 

  
 n ynx 

∑
 






 



 






∑u u -1)(t t -1)(  1)

/
 2n n( −+ k k l l 
k 1= l 1= 

t  = number of tied x values in the kth group of tied x values,
k

u
l
 = number of tied y values in the lth group of tied y values, 

n = number of tied groups of x, and
x

n = number of tied groups of y. 
y

If x represents time, for which no ties exist, then VAR(S) reduces to: 

( nVAR(S) = [n n-1)(2 +5) -

= 
∑ 

1 

n y 

l 
(u l -1)(2u ++5)]/18l l 

(4) 

Standard normal distribution tables can be used to evaluate the statistical significance of Z provided 
that n≥10, unless ties are very extensive or very numerous (Kendall, 1970). 
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Serial Correlation 

Serial correlation in a time series occurs when the observed value from one time period is correlated 
with and dependent on an observed value from a preceding time period (Haan, 1977). Serial correlation can 
be positive or negative. Positive serial correlation indicates that, in general, low values follow low values 
and high values follow high values; negative serial correlation indicates that, in general, low values follow 
high values and high values follow low values. 

Serial correlation is common in hydrologic time series, particularly for short time scales. Because 
the Mann-Kendall test requires serially independent data, serial correlation in hydrologic time series can 
confound use of the Mann-Kendall test to detect trends. If the Mann-Kendall test is used to detect trends in 
a time series with positive serial correlation, a statistically significant trend may be detected even though 
no trend exists; if the Mann-Kendall test is used to detect trends in a time series with negative serial cor-
relation, no trend may be detected even though a trend does exist (Yue and Wang, 2002). Hirsch and Slack 
(1984) developed an extension of the Mann-Kendall test to account for serial dependence in seasonal 
hydrologic time series. For two seasons, Hirsch and others (1982) define the test statistic, S’, as follows: 

S’ = S +S (5)
1 2 

where 

S
1
 = test statistic, S, for season 1, and 

S
2
 = test statistic, S, for season 2. 

The modified test statistic, Z’, that is approximately normally distributed is (Hirsch and others, 1982): 

Z’ = (S’-1)/[VAR(S’)]1/2 for S’>0, 

Z’ = 0 for S’=0, 

Z’ = (S’+1)/[VAR(S’)]1/2 for S’<0 (6) 

where 

VAR(S’) = VAR(S
1
) + VAR(S

2
) + COV(S

1
,S

2
). 

Hirsch and Slack (1984) describe the computation of COV(S
1
,S

2
). 

Trend tests for this study used a modified version of the seasonal Mann-Kendall test (Hirsch and Slack, 
1984) by treating each series and its associated 1-year lagged series as “seasons.” To ensure that the modi-
fied seasonal Mann-Kendall test reduced to the Mann-Kendall test in the absence of serial correlation (that 
is, if COV(S

1
,S

2
) is equal to zero), S’ and VAR(S’) were each divided by a factor of 2. Division by a factor 

of 2 is consistent with fact that the seasonal Mann-Kendall test is being used to account for autocorrelation 
within a single annual time series rather than correlation between two separate time series. 
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